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Abstract
Hydrogen can be used as fuel for power generation; however current hydrogenproduction processes are not sustainable as they involve considerable CO2emissions, and are mostly based on production from fossil fuels. Municipal solidwaste (MSW) in the form of refuse derived fuel (RDF) can be subjected tothermal processes such as pyrolysis and/or gasification to produce a hydrogenrich syngas. Nevertheless some operational problems associated with tarformation arise, which significantly reduces the overall process yield.In this work a two-stage reaction system was used for hydrogen production andtar reduction, during the pyrolysis/gasification of RDF, using different types ofcatalysts. Firstly RDF was pyrolyzed at 600ºC, the pyrolysis gases were thenpassed through a second gasification stage where the catalytic steam reformingprocess took place at 800ºC, in order to generate hydrogen and promote tarcracking reactions. Different analytical techniques were used in this work tocharacterise RDF, product gases, tars/oils, and fresh/reacted catalysts.Initially two different Ni/Al2O3 catalysts were prepared, and their catalyticactivity towards hydrogen production and tar reduction were assessed duringthe pyrolysis/gasification of RDF. The results were compared with thoseobtained using a bed of sand. Using a 10 wt.% Ni/Al2O3 catalyst, about 45 vol.%of hydrogen in the syngas was obtained together with other gases: CO2, CO, CH4,C2-C4. Also the condensed tar fraction was analysed and was found to containpolyaromatic hydrocarbon (PAH) constituents included naphthalene, fluoreneand phenanthrene as the major components. Additionally, diverse Ni/SiO2catalysts were prepared using different synthesis methods, including sol-gel,impregnation and homogenous precipitation. Among the catalysts tested for tarreduction, a 20wt.% Ni/SiO2 catalyst presented the highest activity resulting ina tar concentration of 0.15mgtar g-1RDF; PAH and oxygenated tar compoundswere also identified within the analysed samples. For the catalysts tested inrelation to hydrogen production, using a 10wt.% Ni/SiO2 catalyst prepared byhomogeneous precipitation-sol-gel based method, resulted in a H2concentration of 59 vol.%. Finally different Fe/SiO2 and Ni/SiO2 catalysts wereprepared using nano-porous silica as the oxide support. Better catalyst activityin relation to H2 production was observed for the Ni/SiO2 catalysts. Howeverthe maximum H2 concentration obtained was around 44 vol.%. It was found thatusing calcination temperatures higher than 700ºC, both the surface area and thecatalytic activity for hydrogen production was diminished for this series ofcatalysts.
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CHAPTER 1. INTRODUCTION
1.1 Municipal Solid Waste (MSW) generationThe production and generation rate of solid wastes around the world hasbecome a major concern, due to the different associated economic,environmental and social problems. All those wastes generated in household orcommercial activities, and managed by authorities and municipalities areknown as municipal solid waste (MSW) [1-4]. The composition of solid wastes isdiverse and depends on factors such as the generation point, population incomelevel, and the season of the year. The typical composition of MSW includespaper/cardboard, plastics, glass, metal, textiles, and food/garden waste [3, 5].The World Bank made a comparison between the variability of the wastecomposition in different regions of the world as shown in Figure 1.1-1 [6].
Figure 1.1-1. MSW composition by Region, 2012
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In Figure 1.1-2 is presented the MSW worldwide composition in 2009, based ondata reported by the World Bank (2012) [6]. It is observed that the majority ofthe MSW are composed of organic matter, followed by other componentsincluding textiles, leather, rubber, multi-laminates, e-waste, appliances, ash andother inert materials.
Figure 1.1-2. Global MSW Composition
The growth in the world population and the development of social economy,together with changes in lifestyles have prompted an increase in the dailyamount of MSW generated worldwide [7]. The precise data concerning theglobal generation of MSW is difficult to obtain due to the data availability andhomogeneity which is also related to the different definitions of MSW incountries. However according to World Bank predictions [6], by 2025 about 2.2billion tonnes per year of solid waste will be generated by the world’s cities, thisestimate is based on economic and demographic growth rates. Figure 1.1-3presents data on generation intensities of municipal waste (kg/capita/year) forthe years 2005 and 2010, for a range of OECD (Organisation for Economic Co-operation and Development) countries; data from Brazil, China, and the RussianFederation were also included for comparison [8].
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Figure 1.1-3. Municipal waste generation (kg/capita, 2005 and 2010)
1.1.1 Refuse Derived Fuel (RDF) production and compositionMSW might be subjected to a pre-sorting process aimed to classify, sort andseparate the non-combustible fractions such as glass, metals and heavyweightinert materials. After this the remaining fraction is subjected to furtherprocessing including drying, crushing, and pelletizing [9, 10]. As a result a highcalorific value derived fuel is obtained, containing mainly paper, cardboard andplastics. This fraction is generally referred to as refuse derived fuel (RDF) [10].According to the Waste Incineration Directive (BMLFUW, Austria 2010) [11],the term refuse derived fuel refers to “wastes used entirely or used up to someextent for the purpose of energy generation and satisfies certain quality criterialaid down in the aforementioned Directive”. Main advantages of obtaining RDFinclude an easier storage, treating and manipulation than the original MSWstream. Additionally the calorific value of the solid waste stream is increased,typical calorific values of RDF pellets range between 11 to 25 MJ kg-1 withcommon particle sizes between 5mm < 300mm, depending on its subsequentuse [5, 9].
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options to treat and confine wastes, in order to minimise as much a possible thepotential impact on human health and environment. The most common disposalmethods used worldwide are landfills, composting, incineration, discharge towater, and land treatment. However most of these options are no longeracceptable due to the environmental and social problems associated [12]. Forexample when using landfills greenhouse gases are generated, also there is thepossibility of water supply pollution associated with leachate generation, andthe growing lack of land areas available for landfills [1, 12-14]. Incinerationdisadvantages include the large gas flue emissions and the hazardous potentialof fly ash produced [15]. Modern waste management is moving from usingtraditional landfills, to recycling and energy recovery systems, aimed tocombine technology and sustainability. For example waste to energy facilities(WtE) such as pyrolysis and gasification have emerged to address these issues[15]. The main advantages of using WtE facilities for solid waste treatment anddisposal include: the reduction of mass (70-80%) and volume (80-90%) of thesolid waste, the reduction of use of land areas, destruction of organiccontaminants, utilization of recyclables, reduction in the emission ofgreenhouse gases, and reduction in the environmental impact. In general WtEfacilities can convert solid materials into valuable energy forms such as heat andelectricity through different thermochemical routes including pyrolysis,gasification, or combination of both [16-19].
1.1.2.1 Pyrolysis and Gasification of solid wastes
Pyrolysis and gasification are thermal processes aimed to obtain products suchas char, oil/tar and pyrolysis gases with medium to high calorific value throughthe thermal conversion of solid waste [20]. Pyrolysis is a thermal degradationprocess in which large molecules of carbonaceous materials are broken downinto smaller hydrocarbon molecules, through a combination of thermal crackingand condensation reactions. This process takes place in temperatures between300-800ºC and is carried out in the absence of an oxidising agent such as oxygenor air [5, 20, 21]. Sometimes the pyrolysis process is aimed to increase the yieldof hydrocarbon liquids to be later used as liquid fuels [14].
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On the other hand, gasification processes take place with an external agent orgasification medium, which can be oxygen, air, steam or mixtures of these. Ingeneral, the conversion of solid wastes into gases and chemicals throughgasification is an exothermic process. Gasification is normally is carried out attemperatures ranging between 800-1100 ºC when air is used as an oxidisingagent, and can be further increased up to 1500 ºC when using oxygen [20, 21].The products from the gasification process are similar to those obtained fromthe pyrolysis, including gas, liquid and a solid fraction. However the tar and charfrom the pyrolysis process are further converted into CO, CO2, CH4 and H2 gases,due to the use of gasification agent and higher temperatures [20].
For both pyrolysis and gasification processes, products yields and compositionare highly dependent on the fuel type, reactor configuration, gas-solid residencetime, reaction temperature, pressure, gasifying agent (if used), and catalyst ofthe gasification process [22].
Sometimes pyrolysis and gasification processes are combined with the aim toincrease the calorific value of the final gas, also known as syngas. The mainoutputs from the pyrolysis process might then be upgraded by partial oxidation(gasification) at higher temperatures. As a result, the syngas containing H2, CO,CO2, CH4, C2-C4, and some fractions of tar is obtained together with solid andliquid fractions. Tar concentration varies depending on the raw material used,process conditions, etc. Unfortunately, the presence of tars significantly reducesboth the quality of the syngas and the overall yield of the process [23].
1.2 Syngas production and potential usesThe syngas from the pyrolysis/gasification of solid wastes is composed of thepermanent gases and light hydrocarbons. Syngas can be obtained from differenthydrocarbon based feedstocks such as natural gas, naphtha, coal, biomass andother solid wastes [24]. Currently there are different technological routes usedfor syngas generation, being steam methane reforming (SMR) the predominanttechnology so far [25]. Depending on its final composition synthesis gas or
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syngas can have many potential applications such as Fischer-Tropsch ormethanol production, also can be upgraded to hydrogen and further convertedinto transportation fuel, liquid products, and can be also used in fuel cellapplications [24, 26]. When the syngas is obtained through the gasification ofcarbon based feedstock such as waste, the gasification can be integrated tocombined-cycle (IGCC) systems for example using Internal Combustion Engines(ICE), and gas or steam turbines for electric power generation [1, 27]. When ahigh hydrogen concentration is desired in the syngas composition, certainreactions such as water gas shift can be promoted depending on the syngasproduction process. In general a syngas with a H2/CO ratio higher than 1.7, issuitable to be used in the chemical industry and for the synthesis of diverseproducts such as methanol and naphtha [26, 28].
1.3 Hydrogen production, applications and futureHydrogen is the most abundant element in the Universe, unfortunately it cannotbe found in its natural form as it is highly reactive so normally is found mixedwith other compounds as oxygen and carbon, for example as water orhydrocarbons [29, 30]. Hydrogen can be produced by different methods such aswater electrolysis, and steam-reforming of methanol or ethanol [31]. However,most of the current hydrogen production processes are based on the processingof natural gas and other light hydrocarbons, which in turn comes from non-renewable sources as fossil fuels therefore are not sustainable [32, 33]. Inaddition some pollutants including carbon dioxide are released during thisprocess which contributes to the greenhouse gases emissions [34].
Hydrogen has a flexibility to be used in diverse applications, for example insemiconductor processing, petroleum refining, ammonia production, metalstreatment, as coolant in electrical generators, among others. Hydrogen as anenergy carrier represents an alternative to fossil fuel use without the problemsof CO2 emissions [30, 34]. For example hydrogen can be used as fuel and also asenergy store, which is particularly relevant for the transport sectorrepresenting a zero emission alternative replacing the current dependence onfossil fuels [30].
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The hydrogen global demand is expected to increase up to 4.1% annuallythrough 2016 [35]; for this reason the pursuit of renewable sources forhydrogen production has increased through the years. The term “hydrogeneconomy” has been recently used and refers to all the factors that require achange and adaptation to systems for hydrogen production, utilisation andinclusion into the global economy [30, 34]. Bearing in mind this scenario, therole of hydrogen as an alternative fuel for power generation, is increasing inimportance as part of a sustainable energy economy [36]. Therefore a futureenergy framework based on hydrogen should ensure its production from anabundant, clean and secure renewable source to fit with the requiredenvironmental benefits [37].
1.4 Tar: definition, composition and problems associatedTar formation during the pyrolysis and/or gasification of solid waste, has beenone of the major challenges to overcome, as significantly reduces the quality ofthe produced syngas. Tar is complex mixture of polyaromatic and oxygenatedcompounds formed during the thermal degradation of solid waste, through aseries of complex chemical reactions under thermal or partial-oxidationconditions [38-41]. A high tar concentration in the produced syngas mightcreate diverse operational problems such as attrition and clogging in pipelinesand equipment which reduce both the quality of the syngas, and the overallgasification yield [42]. Thus the reduction of tar formation during thegasification process is a priority when the gasification process is proposed as analternative treatment for solid wastes.
1.4.1 Tar removal methodsDifferent physical and chemical methods have been studied in order tominimise tar formation considering criteria such as efficiency, economicfeasibility and influence over gas formation [40, 43, 44]. Physical methods (orsecondary methods) take place outside the gasifier and are cleaning techniquesbased on the use of gas filtering, scrubbers, cyclones and electrostaticprecipitators. Whereas, chemical methods (primary methods) comprise:
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catalytic steam reforming (bed of catalyst), thermal cracking and plasmareactors [39, 45, 46].
1.4.1.1 Catalytic steam reforming
Catalytic steam reforming processes have been recognized as the most efficientmethods to promote tar cracking reactions and reduce gas yield in the syngas[15]. Therefore have been widely assessed as the use of catalyst help to increaseboth the hydrogen content and the calorific value in the syngas [47]. During thecatalytic steam reforming, a bed of a specific catalyst is used and the gases arepassed through it. The reactants are adsorbed onto the catalyst’s surface torearrange and combine into products that are later desorbed from the surfaceallowing tar cracking reactions to take place [24]. So far there are a variety ofcatalysts reported in the literature to reduce tar concentration in gasifierstreams with nickel-based catalysts the most popular [48-54]. Among the mainadvantages of using nickel based catalysts are their high activity for tarelimination at process temperatures around 900ºC, and the increase in the H2and CO yields in the syngas [55].
1.5 Description and Objectives of this ResearchConsidering the relevance of hydrogen as a fuel for power generation, and thelarge availability of municipal solid waste (MSW); both factors might becorrelated by means of thermal treatments such as pyrolysis and gasification forthe conversion of solid wastes into hydrogen. By combining the pyrolysis andgasification methods, a high hydrogen rich syngas can be obtained. In addition,the reduction in tar formation can be promoted by the use of different nickel-based catalysts during the gasification stage.
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In this research, diverse nickel based catalysts were tested in a two stage thepyrolysis/gasification reaction system, using refuse derived fuel (RDF) as rawmaterial. A series of experiments were carried out with the following objectives:
 To find the most suitable process conditions such as pyrolysis andgasification temperatures, for the thermal degradation of refuse derivedfuel (RDF).
 To analyse the influence of catalyst type, catalyst ratio, metal loading,etc., of different catalysts to be used during the catalytic steam reformingof RDF, for hydrogen production and tar reduction.
 To characterise quantitatively the condensed tar fraction and toqualitatively identify the major tar compounds.
 To analyse the used catalysts from the gasification stage to identify thecarbon deposition.
 To propose a tar formation and degradation mechanism through thepyrolysis/gasification of RDF.
- 10 -
References
1. Tchobanoglous, G., Theisen, H., Vigil, S. A., Integrated Solid Waste
Management: Engineering principles and management issues. CivilEngineering Series, ed. M.H.I. Editions. 1993, New York.2. Williams, P.T., Waste Treatment and Disposal. 2nd ed, ed. J.W.S. Ltd. 2005,Chichester, UK.3. McDougall, F.R., P.R. White, M. Franke, and P. Hindle, Integrated solid
waste management: a life cycle inventory. 2nd ed. 2007, GB: Wiley-Blackwell.4. Christensen, T.H., Solid Waste Technology and Management. Solid WasteTechnology & Management. Vol. 1. 2010, Malaysia: John Wiley & Sons,Ltd. i-xiv.5. Buah, W.K., A.M. Cunliffe, and P.T. Williams, Characterization of Products
from the Pyrolysis of Municipal Solid Waste. Process Safety andEnvironmental Protection, 2007. 85(5): p. 450-457.6. Hoornweg, D. and P. Bhada-Tata (2012) What a waste : a global review of
solid waste management. Urban development series 1.7. Karak, T., R.M. Bhagat, and P. Bhattacharyya, Municipal Solid Waste
Generation, Composition, and Management: The World Scenario. CriticalReviews in Environmental Science and Technology, 2011. 42(15): p.1509-1630.8. OECD, OECD Factbook 2013: OECD Publishing.9. Lorber, K.E., R. Sarc, and A. Aldrian, Design and quality assurance for solid
recovered fuel. Waste Management & Research, 2012. 30(4): p. 370-380.10. Hernandez-Atonal, F.D., C. Ryu, V.N. Sharifi, and J. Swithenbank,
Combustion of refuse-derived fuel in a fluidised bed. Chemical EngineeringScience, 2007. 62(1-2): p. 627-635.11. Bundesministerium für Land und Forstwirtschaft Umwelt undWasserwirtschaft, B., Verordnung über die Verbrennung von Abfällen.
Abfallverbrennungsverordnung (AVV) (“Waste Incineration Directive”),BMLFUW, Editor. 2010: Vienna, Austria.12. A. L. Juhasz, G. Magesan, and R. Naidu, Waste Management. 2004: SciencePublishers,U.S. 355.13. Reddy, P.J., Municipal Solid Waste Management: Processing - Energy
Recovery - Global Examples. 2011: CRC Press.14. Williams, P.T. and S. Besler, The Pyrolysis of Municipal Solid-Waste.Journal of the Institute of Energy, 1992. 65(465): p. 192-200.15. Li, J., J. Liu, S. Liao, X. Zhou, and R. Yan, Syn-Gas Production from Catalytic
Steam Gasification of Municipal Solid Wastes in a Combined Fixed Bed
Reactor, in International Conference on Intelligent System Design and
Engineering Application (ISDEA). 2010: Changsha. p. 530-534.16. Arena, U., Process and technological aspects of municipal solid waste
gasification. A review. Waste Management, 2012. 32(4): p. 625-639.17. Schiefelbein G, F., J. Sealock L, and S. Ergun, Thermochemical Conversion
of Biomass to Fuels and Feedstocks: An Overview of R&D Activities Funded
- 11 -
by the Department of Energy, in Thermal Conversion of Solid Wastes and
Biomass. 1980, American Chemical Society. p. 13-26.18. Landreth, R.E. and P.A. Rebers, Municipal solid wastes: problems and
solutions. 1997, Boca Raton: CRC Press.19. Stehlík, P., Some Aspects Contributing to Improved Process and Equipment
Design in the Field of Waste-To-Energy and Environmental Protection, in
New and Renewable Technologies for Sustainable Development, N. Afganand M. Graça Carvalho, Editors. 2002, Springer US. p. 443-458.20. Astrup, T. and B. Bilitewski, Pyrolysis and gasification, in Solid Waste
Technology and Management, T.H. Christensen, Editor. 2010, John Wiley& Sons, Ltd: Malaysia. p. 502-512.21. Basu, P., Biomass Gasification and Pyrolysis: Practical Design and Theory.2010, Oxford: Elsevier.22. Dalai, A.K., N. Batta, I. Eswaramoorthi, and G.J. Schoenau, Gasification of
refuse derived fuel in a fixed bed reactor for syngas production. WasteManagement, 2009. 29(1): p. 252-258.23. Bridgwater, A.V., The technical and economic feasibility of biomass
gasification for power generation. Fuel, 1995. 74(5): p. 631-653.24. Spath, P.L. and D.C. Dayton, Preliminary Screening -- Technical and
Economic Assessment of Synthesis Gas to Fuels and Chemicals with
Emphasis on the Potential for Biomass-Derived Syngas, in Other
Information: PBD: 1 Dec 2003. 2003. p. Medium: ED; Size: 160 pages.25. Wilhelm, D.J., D.R. Simbeck, A.D. Karp, and R.L. Dickenson, Syngas
production for gas-to-liquids applications: technologies, issues and outlook.Fuel Processing Technology, 2001. 71(1–3): p. 139-148.26. Choudhary, T.V. and V.R. Choudhary, Energy-efficient syngas production
through, catalytic oxy-methane reforming reactions. Angewandte Chemie-International Edition, 2008. 47(10): p. 1828-1847.27. Busby, R., L., Hydrogen and Fuel Cells: A Comprehensive Guide. 1st ed, ed. S.Hill. 2005, Oklahoma, USA: PennWell.28. De Filippis, P., C. Borgianni, M. Paolucci, and F. Pochetti, Prediction of
syngas quality for two-stage gasification of selected waste feedstocks.Waste Management, 2004. 24(6): p. 633-639.29. Hoffmann, P.D., B. , Tomorrow's Energy:Hydrogen, Fuel Cells, and the
Prospects for a Cleaner Planet. 2012: MIT Press.30. Cruden, A.J., 4.01 - Preface and Context to Hydrogen and Fuel Cells, in
Comprehensive Renewable Energy, S. Editor-in-Chief: Ali, Editor. 2012,Elsevier: Oxford. p. 1-27.31. Akande, A.J., Production of Hydrogen by Reforming of Crude Ethanol, in
Chemical Engineering. 2005, University of Saskatchewan: Saskatoon.32. Balat, M., Potential importance of hydrogen as a future solution to
environmental and transportation problems. International Journal ofHydrogen Energy, 2008. 33(15): p. 4013-4029.33. Burke, K., Current Perspective on Hydrogen and Fuel Cells, in
Comprehensive Renewable Energy, S. Ali, Editor. 2012, Elsevier: Oxford. p.29-63.34. Momirlan, M. and T.N. Veziroglu, Current status of hydrogen energy.Renewable and Sustainable Energy Reviews, 2002. 6(1–2): p. 141-179.
- 12 -
35. Freedonia Group, T., World Hydrogen - Industry study with forecast for
2013 and 2018. 2010. p. 345.36. García Cortés, C., Tzimas, E., Peteves, S. D., Technologies for Coal based
Hydrogen and Electricity Co-production Power Plants with CO2 Capture, in
JRC Scientific and Technical Reports, E.C.J.R.C.I.f. Energy., Editor. 2009:Luxembourg.37. Lubitz, W. and W. Tumas, Hydrogen:  An Overview. Chemical Reviews,2007. 107(10): p. 3900-3903.38. Reichenbach de Sousa, L.C., Gasification of Wood, Urban Wastewood
(Altholz) and other Wastes in a Fluidised Bed Reactor, in Technical
Sciences. 2001, Swiss Federal Institute of Technology Zürich: Zürich. p.286.39. Devi, L., K.J. Ptasinski, and F.J.J.G. Janssen, A review of the primary
measures for tar elimination in biomass gasification processes. Biomassand Bioenergy, 2003. 24(2): p. 125-140.40. Milne, T.A., Evans, R. J., Biomass Gasifier "Tars": Their Nature, Formation
and Conversion. 1998, National Renewable Energy Laboratory.41. Dabai, F., Paterson, N., Millan, M., Fennell, P., Kandiyoti, R., Tar formation
and destruction in a fixed-bed reactor simulating downdraft gasification:
equipment development and characterization of tar-cracking products.Energy and Fuels, 2010. 24(8): p. 4560-4570.42. Bergman, P.C.A., van Paasen, S. V. B., Boerrigter, H. , The novel "OLGA"
technology for complete tar removal from biomass producer gas, in
Pyrolysis and Gasification of Biomass and Waste, Expert Meeting. 2002:Strasbourg, France.43. van der Hoeven, T.A., Partial product gas combustion for tar reduction.2007, Eindhoven University: Eindhoven. p. 164.44. Kirkels, A.F. and G.P.J. Verbong, Biomass gasification: Still promising? A
30-year global overview. Renewable and Sustainable Energy Reviews,2011. 15(1): p. 471-481.45. Kuhn, J.N., Z. Zhao, L.G. Felix, R.B. Slimane, C.W. Choi, and U.S. Ozkan,
Olivine catalysts for methane- and tar-steam reforming. Applied CatalysisB: Environmental, 2008. 81(1-2): p. 14-26.46. Basu, P., Combustion and Gasification in Fluidized Beds, ed. T.F. Group.2005, Florida, USA: CRC Press. 473.47. Luo, S., B. Xiao, X. Guo, Z. Hu, S. Liu, and M. He, Hydrogen-rich gas from
catalytic steam gasification of biomass in a fixed bed reactor: Influence of
particle size on gasification performance. International Journal ofHydrogen Energy, 2009. 34(3): p. 1260-1264.48. Bona, S., P. Guillén, J.G. Alcalde, L. García, and R. Bilbao, Toluene steam
reforming using coprecipitated Ni/Al catalysts modified with lanthanum or
cobalt. Chemical Engineering Journal, 2008. 137(3): p. 587-597.49. Miccio, F., B. Piriou, G. Ruoppolo, and R. Chirone, Biomass gasification in a
catalytic fluidized reactor with beds of different materials. ChemicalEngineering Journal, 2009. 154(1-3): p. 369-374.50. Li, J., J. Liu, S. Liao, and R. Yan, Hydrogen-rich gas production by air-steam
gasification of rice husk using supported nano-NiO/[gamma]-Al2O3
catalyst. International Journal of Hydrogen Energy, 2010. 35(14): p.7399-7404.
- 13 -
51. Ma, L. and G.V. Baron, Mixed zirconia-alumina supports for Ni/MgO based
catalytic filters for biomass fuel gas cleaning. Powder Technology, 2008.
180(1-2): p. 21-29.52. Courson, C., E. Makaga, C. Petit, and A. Kiennemann, Development of Ni
catalysts for gas production from biomass gasification. Reactivity in steam-
and dry-reforming. Catalysis Today, 2000. 63(2-4): p. 427-437.53. Kimura, T., T. Miyazawa, J. Nishikawa, S. Kado, K. Okumura, T. Miyao, S.Naito, K. Kunimori, and K. Tomishige, Development of Ni catalysts for tar
removal by steam gasification of biomass. Applied Catalysis B:Environmental, 2006. 68(3-4): p. 160-170.54. Caballero, M.A., Corella, J. Aznar, M. P. Gil, J., Biomass gasification with air
in fluidized bed. Hot gas cleanup with selected commercial and full-size
nickel-based catalysts. Industrial and Engineering Chemistry Research,2000. 39(5): p. 1143-1154.55. Abu El-Rub, Z., Bramer, E. A., Brem, G. , Review of Catalysts for Tar
Elimination in Biomass Gasification Processes. Industrial and EngineeringChemistry Research, 2004. 43(22): p. 6911-6919.
- 14 -
CHAPTER 2. LITERATURE REVIEW
2.1 Municipal Solid Waste (MSW)Various definitions of municipal solid waste (MSW) have been stated in theliterature over the years, but in general the term encompasses all the by-products with a lack of value, generated during human activities in householdsand commerce [1-4]. The MSW fraction accounts for less than 10% of the totalwaste produced in the world, however there are major environmental, social,and economical issues associated with their management and final disposal [2].In general MSW is collected by municipalities, excluding sewage networks,construction, and demolition waste [5].
2.1.1 MSW generation and composition
The production rates and the composition of MSW vary according to factorssuch as economic development, population growth and lifestyle, socioculturalhabits, trends in urbanisation, climate, recycling potential etc., [3, 6]. Aprojection of the production of MSW based in income level for differentcountries from the year 2010 to 2025 is presented in Figure 2.1-1 [5].
Figure 2.1-1. Projection MSW generation according to the income level
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Figure 2.1-1, shows that countries with a high income level tend to producemore kg of waste per capita per day than countries with lower income. Howeverthe estimated production for the year 2025 for low income to upper middleincome countries will increase significantly when compared with the increase intrend for high income countries. This trend is related to the size and affluencefor each country as well as the consumption habits [5, 7].
A flow diagram of the solid waste generation during the conversion of rawmaterials into goods for consumption, is shown in Figure 2.1-2 [8]. From Figure2.1-2 it can be observed that solid wastes are generated through the wholeconversion process including some recovery and recycling intermediate steps.
Figure 2.1-2. Materials flow and solid waste generation
Waste generation intensities are good markers for solid waste managementimplementation in countries. Currently, the world’s cities generate around 1.3billion tonnes of MSW per year, and it is estimated that by 2025 this amount willincrease up to 2.2 billion tonnes per year, based on economic and urbanpopulation growth rates from the World Bank [6]. Due to the significantincrease in the municipal solid waste (MSW) production it is necessary to findsustainable and environmentally friendly routes to treat and dispose MSWefficiently [9]. The most common activities carried out once MSW is generatedinclude collection, handling, separation of certain fractions, storage, processingand disposal; these set of activities are part of the waste management process.When these activities also include the selection and application of technologies
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to meet specific waste management goals, then the process can be defined asintegrated solid waste management (ISWM) [8]. Additionally a hierarchy of thedifferent elements that compose the ISWM has been set out, starting withsource reduction, reuse of materials, recycling and recovering, wastetransformation (including energy recovery), and finally the disposal (e.g.landfilling) [8, 10].
The composition of the MSW is a major parameter as it gives information aboutthe materials contained and its potential to be segregated, for example, forrecycling purposes. In general MSW is characterised by having organic andinorganic materials, but radical changes over the years such as modifications inthe eating habits of the population and the way in which goods are packagedpromotes variations in the composition of household wastes [7, 8, 11]. Forexample the generation source is a factor that influences the composition ofMSW, thus the materials contained in MSW varies from country to country asobserved in Figure 2.1-3 [7]. The composition considered 6 major groups: metal,glass, plastics, paper, organic, and other material fractions [7].
Figure 2.1-3. MSW composition in developed countries
Most of the countries presented in Figure 2.1-3 have a high income level;however variations in the waste stream are still unclear. For example the
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organic fraction of wastes from Norway is very low with similar proportions ofmetal, glass and plastics, and considerably higher amounts of other materials[6]. In general of the total MSW stream, between 50 and 75 per cent comes fromresidential and community activities [8]. Wastes from household activitiesmight include newspapers, clothing, disposable tableware, food packaging, cansand bottles, garden waste, food scraps, etc.; whereas the commercial wastestream might contain corrugated boxes, food scraps, office disposable tableware,paper napkins, etc., [4, 12]. The inorganic fraction consists of residues of paper,plastic, metals and other materials, a more detailed description of each fractioncontained in the MSW stream is presented in Table 2.1-1 [6].
Table 2.1-1. MSW fractions and description
Some physical, chemical and biological characteristics are of interest whenmaterials in a MSW stream require recycling and further treatment. Thephysical properties of MSW refers to specific weight, particle size and sizedistribution, etc.; chemical analysis gives specific information about chemicalcomposition, energy content, etc.; and biological analysis is focused on theorganic fraction to get mainly information about biodegradability [8, 10].
Chemical characterisation of solid wastes is essential when solid wastes aremeant to be used as fuel. Four main analyses are carried out to obtaininformation about MSW composition including proximate analysis, ultimateanalysis, fusing point of ash, and energy content. However the most common arethe proximate analysis that determines moisture, combustible content, volatiles,and ash content; and the ultimate analysis that gives mass fraction values of
Fraction Materials and sourcesOrganic Food scraps, yard waste (leaves, grass, brush), wood, process residues
Paper Paper scraps, cardboard, newspapers, magazines, bags, boxes, wrapping paper,telephone books, shredded paper, and paper beverage cups. When paper iscontaminated is not considered within the organic fraction.Plastic Bottles, packaging, containers, bags, lids, cupsGlass Bottles, broken glassware, light bulbs, coloured glassMetal Cans, foil, tins, non-hazardous aerosol cans, appliances (white goods), railings,bicyclesOther Textiles, leather, rubber, multi-laminates, e-waste, appliances, ash, other inertmaterials
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elements contained in the sample such as C, H, N, O and S [13]. The moisturecontent in the MSW is one of the most relevant parameters as it influences theweight of the waste, its processing, handling, and final treatment. High moisturecontent promotes a faster degradation of the biodegradable fraction of waste,and also makes the waste unsuitable for thermal conversion [7]. This parameterdepends on the climatic conditions such as rainfall and harvest season, and ismeasured according to the loss of moisture when the solid waste is heated to105 °C for 1 hour [8, 10, 14]. The potential contaminants that might be found inwaste streams include heavy metals, soluble salts, organic matter, etc. [15]. Anexample of the typical properties of MSW is presented in Table 2.1-2 [3, 8].
Table 2.1-2. Typical properties of MSW
All the MSW characteristics are relevant when selecting management anddisposal methods. New technological alternatives based on energy efficient andenvironmentally friendly approaches for the disposal of MSW have been usedaround the world [11]. These alternatives are aimed at enhancing resourcerecovery from MSW, such as the production of a value added material includingrefuse derived fuel (RDF) obtained from the processing of the MSW stream.
Composition Wt.% Elemental AnalysisElement Wt.%Paper/cardboardPlasticsGlassMetalsFood/gardenTextilesOthers
33.07.010.08.020.04.018.0
CarbonHydrogenOxygenNitrogenSulphurChlorine
21.53.016.90.50.20.4Proximate Analysis Element (ppm)Property Wt.%CombustiblesMoistureAsh 42.131.026.9 LeadCadmiumArsenicZincCopperChromiumMercury
100-20001-1502-5400-1400200-70040-2001-50
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2.1.2 Refuse Derived Fuel (RDF) definition and composition
Refuse derived fuel (RDF) is a fraction obtained from the main MSW stream viaa pre-sorting process including manual and mechanical operations, aimed toremove non-combustible materials such as glass and metals. Once the non-combustible materials are segregated, the remaining fraction has betterphysical and combustion characteristics. The major benefits of obtaining RDFare the higher calorific value and homogeneous particle size and composition [1,8, 16, 17]. The calorific value of the raw MSW has a typical calorific value around9 MJ kg-1, whereas the calorific value of RDF pellets is around 18 MJ kg-1 [18].The more the solid waste is pre-treated; the better is its quality and heatingvalue, as the volume and size of plastics and paper is reduced resulting in amaterial that can be combusted more evenly [10, 11].
RDF pellets are also produced in order to facilitate the handling and storage ofMSW. RDF can be stored for long periods, and then can be used as fuel for heator electricity generation. The unitary operations or sequential steps used toproduce RDF pellets include segregation or separation, drying, crushing,shredding, screening, air classification, magnetic separation, screening,solidifying, and pelletizing [19]. An example of the combination of some of theseunitary operations is shown in Figure 2.1-4 [7, 20, 21].
Figure 2.1-4. RDF manufacturing process
The most common materials that are segregated from the MSW, due to theirpotential to be recycled include fibre (cardboard, paper, newspaper, office
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paper), metals (ferrous and aluminium), mixed glass, and plastics (polyethyleneterephthalate-PET and high density polyethylene-HDPE) [3, 22]. Once the solidwaste is passed through these steps, a RDF fraction with a similar energypotential to coal is obtained [23]. For example Lin et al [24], reported theproduction of RDF from MSW through a mechanical separation consisting of bagripping, magnetic sorting, shedding and a rotary trommel screening. Additionalinert materials contained in the MSW stream such as glass and ceramics werealso segregated, to obtain final RDF pellets with particle size between 25-100mm. Different pathways are followed to obtain RDF depending on thespecific requirements and further use. A general diagram showing majorseparation processes from the original MSW to obtain RDF is shown in Figure2.1-5 [17].
Figure 2.1-5. Refuse Sorting Processes
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Seven different classes of RDF have been suggested by the American Society forTesting and Materials (ASTM) and U. S. Environmental Protection Agency (EPA)considering its general composition. The description of each RDF type issummarized in Table 2.1-3 [8, 10].
Table 2.1-3. Refuse derived fuel (RDF) classification
Dalai et al [11], carried out characterisation of two different RDF samplesdiffering slightly in composition, the thermal analysis indicated the presence ofplastics and cellulose materials in both samples. The composition of anycarbonaceous based fuel is very complex as they include some inorganic andorganic fractions. The organic fraction is mostly composed of C, H, O, and N;arranged in hydrocarbon chains together with other elements such as metals,glass, and polymers from plastic residues [13]. Proximate and ultimate analysescarried out to characterise MSW samples, are also used to characterise RDFsamples. When RDF samples from different sources are subjected to elementalanalysis (proximate and ultimate analyses), slight variations in certainparameters might be found, as the solid waste composition is diverse. Thereforea solid knowledge of the main constituents is useful for further applications ofthe RDF. Examples of the elemental analyses carried out on RDF samples fromdifferent sources, are presented in Table 2.1-4.
Type Composition-useRDF1 Used as fuel as-discardedRDF2 Wastes treated to get big particle size, might contain ferrousmaterialsRDF3 Wastes are shredded and processed to remove metal, glass andother inorganic materials (passed through a 50mm square meshscreen)RDF4 Combustible fraction obtained in powder form (passed through a2mm mesh screen)RDF5 Densified RDF in the form of pellets, slugs, cubettes, or briquettesRDF6 Combustible waste processed into liquid fuelRDF7 Combustible waste processed into gaseous fuel
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Table 2.1-4. Elemental analysis of RDF from diverse sources
1 Buah et al, 2007 [18]; 2 Cozzani et al, 1995 [25];3 Dou et al, 2007 [26]; *O- obtained by difference; **nd- no detecteda value as appear in the cited reference
More specific analysis of solid waste samples can be carried out, for example acomparison of the properties of MSW and two RDF samples differing in particlesize have been reported by Chang and collaborators [27]. The results arepresented in Table 2.1-5.
Table 2.1-5. Properties of the MSW and RDF Samples
RDF1(wt%) RDF2(wt%) RDF3(wt%)
Proximate AnalysisMoisture Content 4.0 4.0 11.8Ash Content 17.0 12.3 13.4Volatile Matter 64.0 77.8 71.0Fixed Carbon 15.0 9.9 3.8
Ultimate AnalysisC 40.0 45.9 56.8H 6.9 6.8 8.4N 0.6 1.1 0.5S 0.1 nd** ndO* 52.4 33.7a 3.0a
MSW
RDF
25-100 mm > 100 mmBulk density (kg/m3) 289.90 334.80 179.10Paper (%) 28.62 8.08 5.70Plastics (%) 26.33 29.15 57.81Garden trimmings (%) 4.05 4.60 4.21Textiles (%) 9.03 7.43 18.23Food Waste (%) 14.04 0.00 0.00Leather/rubber (%) 0.58 1.13 1.48Metal (%) 6.99 1.09 0.03Glass (%) 7.26 0.00 0.00Ceramics and China 0.47 0.00 0.00< 5 mm 1.59 16.15 8.89> 5 mm 1.04 32.36 3.65
Heat ValueHHV (kcal/kg) 2277.80 2554.50 3715.90LHV (kcal/kg) 1816.30 2095.70 3296.00
Chemical Composition on wet basis (%)C 20.11 24.45 29.24H 2.92 3.21 3.30N 0.55 1.09 1.04Cl 0.18 0.16 0.23S 0.80 0.10 0.05O 12.58 11.69 15.90
Proximate Analysis on wet basis (%)Moisture (%) 50.65 47.55 40.28Ash (%) 12.21 11.75 9.96Combustibles 37.15 40.70 49.76
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From Table 2.1-5, a variation between the percentage of materials found in theMSW and RDF samples can be seen. Also there is an influence of differentparticle size on the properties of RDF samples, for example higher heatingvalues were reported for RDF pellets with a particle size greater than 100mm,this parameter is relevant when RDF is meant to be used as fuel [10, 27].
Thermogravimetric analysis (TGA) is used to study the thermal degradationbehaviour and combustion characteristics of solid samples, since differentdecomposition stages can be identified. A solid sample is combusted underspecific conditions and changes in the sample weight are recorded and relatedwith the increase of the temperature. Sørum et al [28], analysed the thermaldegradation of cellulosic and plastics fractions contained in MSW, and observeda major weight loss occurring within the region of 250 °C to 400 °C. Additionalstudies focused on the analysis of the thermal degradation of polystyrene,polypropylene, low-density polyethylene and high-density polyethylene, andidentified the degradation between the range 350-500 °C. The thermaldecomposition of the main paper compounds has been also reported in theliterature [29]. For example the thermal analysis of hemicellulose was reportedto start around 250 °C with the major weight loss between 250-350 °C; whereasthe main weight loss for cellulose occurs between 325 and 400 °C. The study ofthe degradation of these components is relevant as most of them can be foundin RDF samples.
In general it has been reported that RDF decomposition starts around 230 °C, afirst weight loss occurs within the region between 240-380 °C, which might berelated with the decomposition of cellulosic material; a second weight loss takesplace at around 410 and 500 °C, which may be mainly influenced by thepresence of plastics in the RDF samples [11, 18]. An example of the thermaldegradation analysis of RDF is presented in Figure 2.1-6.
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Figure 2.1-6. Thermogravimetric analysis of RDF
From Figure 2.1-6 the first weight loss is associated with the loss of moisture orwater due to evaporation, the remaining fraction at the end of the analysis isconsidered as ash or carbon, and is represented as a straight line as there are nomore weight variations.
The main characteristics that make RDF an attractive renewable source are itsabundance, the localized source since the collection of MSW is already arranged,and the cost is more stable as in many cases is even subsidized by municipalitiesas part of waste management policies [30].
2.1.2.1 MSW disposal and treatment methods
MSW treatment practices adopted around the world include incineration,recycling, compost, landfill, dump, and others [6]. The use of landfill sites hasbeen the most common MSW disposal option worldwide and just a smallpercentage of the wastes are subjected to a recycling process. Other treatmentoptions such as composting or anaerobic digestion are used in smallerpercentages [18]. Figure 2.1-7 shows the distribution of the MSW treatmentmethods used during 2012 by some OECD countries (Organisation for EconomicCo-operation and Development) [6].
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Figure 2.1-7. MSW disposal methods used for some OECD countries
From Figure 2.1-7, it is observed that some countries like Japan have promotedthe use of waste-to-energy facilities (WtE) as major waste disposal methodusing about 70% this alternative in combination with about 17% of recycling. Itis also observed that other countries such as Switzerland and Sweden have useda combination of recycling and waste-to-energy options.
These changes are based on the fact that landfills contribute to greenhousegases emissions and also to the pollution of surface and groundwater due to theleachate generation [15]. During the waste degradation process diversecontaminants such as methane, carbon dioxide, and hydrogen sulphide aregenerated, which contributes to atmospheric pollution [2]. These environmentaland health associated problems together with the lack of land areas and societyopposition, have prompted the assessment of alternative waste disposalmethods to be integrated into the waste management regulations. Also differentregulation measures and guidelines have been developed with the aim to reducethe waste associated problems [8, 15, 26].
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2.1.2.2 Alternative thermal treatment for MSW and RDF
A wide range of processes including physical, chemical and biologicaltransformations have been assessed in order to reduce the volume of wastes, tosegregate as much recyclable materials as possible, to facilitate the handling, todispose of them in an environmental friendly way, to recover energy, etc. Adiagram showing the potential pathways for collected MSW is shown in Figure2.1-8 [1, 8].
* MBT Mechanical Biological Treatment; MHT Mechanical Heat TreatmentFigure 2.1-8. Diagram showing different conversion options for MSW
Most of the methods shown in Figure 2.1-8 seek the production of heat, fueland/or electricity by different means. Technologies can be classified as thermal,biochemical, and chemical processes, focused on the energy recovery [7].Diverse thermal treatments can be used either as a way to valorise the waste forenergy recovery or as pre-treatment of waste prior to disposal, and are alsoreferred as thermo-chemical processes. The main aims of using thermo-chemical technologies are the volume reduction, the stabilisation of the waste,
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recovery of energy from waste and the sterilisation of waste [1, 31]; thereforeare a viable and environmental friendly way to process wastes.
There are several types of thermal process technologies namely plasma arcgasification, conventional gasification, pyrolysis and/or gasification. Thethermal efficiency of each process is different, a comparison between the netenergy production from each technology is shown in Figure 2.1-9 [12].
Figure 2.1-9. Net output of various thermal processes
Renewable energy sources are seen as an alternative to partly covers the energyrequirements of the future, as they have broad availability. One example is theuse of municipal solid waste (MSW), in the form of refuse derived fuel (RDF) asraw material in processes such as pyrolysis and gasification [32].
The design and selection of the thermochemical process it is highly influencedby the physicochemical properties of the MSW [7], as the diverse decompositionreactions taking place depend on the raw material characteristics, as well as theprocess conditions [13]. Thermal treatments are an essential part of anintegrated waste management system because of the benefits that the use ofthis technology brings [33]. When MSW or RDF are subjected to thermaltreatments, the energy recovery through heat or power generation is feasible,which is desired within the waste management hierarchy [32]. Furthermore the
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original mass and volume are reduced around 70-80%, and 80-90%respectively; therefore the land area required for landfill for the same quantityof MSW is also diminished. Due to the elevated temperatures of the process(500-1000°C), some relevant organic contaminants such as hydrocarbons andhalogenated materials are eliminated. Nowadays most of the thermal processingfacilities are well equipped with pollution control systems and also represent anearly complete recycling alternative and a source of clean and renewableenergy if implemented in a proper manner [22, 34]. However there is still aconcern regarding the disposal alternatives for the 10% remaining wastefraction [10], and also a concern about the possible diverse toxic effects of theemissions. For example a fraction known as tar might contain diversecomponents such as tri- and tetra-methylphenanthrenes, chrysene,methylchrysenes, and benzapyrenes, which are of known carcinogenic and/ormutagenic activity [35-37].
Among the thermal processes options presented in Figure 2.1-8, pyrolysis andgasification have been broadly studied for energy recovery, using diverse typesof carbon based feedstocks. A description of both thermal processes isaddressed in the following sections.
2.1.2.3 Pyrolysis
The pyrolysis process is the thermal conversion or degradation of a solid wasteor organic material in the total absence of oxidising agents such as oxygen,steam or carbon dioxide. The overall pyrolysis process is endothermic, thusrequires an external heating source to reach process temperatures between 300to 800 °C. At these temperatures the chemical bonds forming the organicmaterial break down; and as a result gaseous, liquid and solid fractions arereleased [8, 13, 38-40]. The major weight loss occurs during the evolution ofvolatile matter, followed by the decomposition of char as observed in [26, 41].
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Figure 2.1-10. Pyrolysis process of a fuel particle
Initially the solid waste undergoes a drying process aimed to release all themoisture contained in the solid waste between 100-120 °C. After that thepyrolysis (or devolatilization) process takes place and the long polymer chainscontained in the fuel material break down into shorter molecule chainsreleasing mainly gases such as H2, CH4, CO, CO2, H2O, etc., together with otherhydrocarbons; this occurs as a result of different complex reactions taking placeat temperatures around 200-800 °C; also a carbonaceous or coked materialremains as solid residue (Figure 2.1-10). These reactions are sometimesreferred to as primary reactions; whereas secondary reactions further convertproducts and increase the concentrations of CO2 and CH4 in the produced gas.Secondary reactions might also take place during the gasification process as willbe discussed in Section 2.1.2.4. A more general evolution of the pathwaycorrelating the pyrolysis temperature and the products formed was proposedby De Souza-Santos et al [13], in Figure 2.1-11:
Figure 2.1-11. Pyrolysis steps related with the process temperature
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The evolution of the chemical reactions that occur during the pyrolysis processare described in Table 2.1-6 [38, 43].
Table 2.1-6. Evolution of pyrolysis reactions according to the temperature
The specific characteristics of the pyrolysis products depend on diverse factorsincluding the raw material composition, and operational conditions such astemperature, pressure, and heating rate [3]. The general characteristics of eachfraction are addressed in Table 2.1-7 [8, 38].
Table 2.1-7. Characteristics of products from the pyrolysis of organic material
Pyrolysis gases are mainly composed of carbon dioxide, carbon monoxide,hydrogen, methane and hydrocarbon gases. Both liquid and gaseous fractions
Temperature (0C) Chemical Reaction100-120 Thermal drying, dehydration250 Deoxidation, desulfurization, molecular separation of water andcarbon dioxide, starts cleaving hydrogen sulphide340 Breakage of bonds of aliphatic compounds, splitting of methaneand other aliphatic compounds380 Carbonization phase (residues)400 Breakage of carbon-oxygen and carbon-nitrogen bonds400-600 Decomposition of bituminous compounds into low-temperaturecarbonization oils and tars600 Cracking of bituminous compounds into heat resistantcomponents formation of aromatic compounds (lighthydrocarbons and derivatives)>600 Olefin (ethylene) dimerization, dehydrogenation to butadiene,reaction of ethylene to cyclohexane, thermal aromatization tobenzene and higher-volatility aromatic compounds
Fraction or product Characteristics
Gaseous Mainly composed by H2, CH4, CO, CO2, plus other volatileconstituents, and hydrocarbons. Pyrolysis gas yield is 20-50%weight of the input; with heating values are between 3-12MJ/Nm3.
Liquid Contain mainly tar, oil and water in different amounts. It ismainly composed by polyaromatic hydrocarbons (PAH), andoxygenated compounds. Liquid yields are around 30-50% inweight with hating values around 5-15MJ/kg.
Solid Char-like material consisting almost entirely of carbon, plussome inert materials (metals, glass, etc.) present in the rawmaterial. The heating value of the char might be between 10-35MJ/kg.
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contain complex mixtures of hydrocarbons and other organic compounds,whose yield and composition is related to the fuel used and process conditions.For example a raw material or fuel with high amounts of oxygenated structuressuch as lignin or hemicellulose, might promote an increase in the concentrationof carbon monoxide and carbon dioxide in the produced gas, also known assyngas [3]. Chars from pyrolysis are sometimes used as fuel, or are alsoupgraded to produce a high grade activated carbon [3]. Also Horne and Williams[44], reported the influence of the pyrolysis temperature over the productsfrom the flash pyrolysis of biomass. They found that by increasing the pyrolysistemperature, the concentration of polyaromatic hydrocarbons (PAH) alsoincreased in both liquid and gaseous fractions. In general the increase in thepyrolysis temperature promotes an increase in the H2 and CH4 concentrations inthe produced syngas, and also it has been found that the final heating value ofthe syngas is influenced by both the raw material and the process temperature[11].
During the pyrolysis of municipal solid waste it has been reported that a yield ofabout 35% of char, with a high ash content (up to 37%) was obtained [3]. Lin etal [24], reported a yield of about 28wt.% of oils, 30wt.% of non-condensablehydrocarbons, and 42wt.% of solid fraction when RDF were subjected topyrolysis at 500°C. Product yields for solid, liquid and gaseous fractions usingRDF and a mixture of plastics are presented in Table 2.1-8 [24, 29, 45, 46].
Table 2.1-8. Product yields from the pyrolysis of RDF and plastics mixtures
From Table 2.1-8, it can be observed a difference in the products yields whentemperature, heating rate or pyrolysis process were changed. Williams and
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Williams [46], reported that for a mixture of plastics, the increase in thepyrolysis temperature increased the gas yield as the molecules break downpromoting the formation of smaller molecules; whereas the yield of tar/oil tendto be reduced. In general the increase in the pyrolysis temperature, and/orlonger residence times result in an increase in the gas fraction at the expense ofthe oil produced [24].
Some pyrolysis facilities are focused on the production of the oil fraction as itcan be later used as a liquid fuel in further processes. However, sometimes notall of the oil characteristics match with the equipment or facilities requirements,thus the oil can require further upgrading to be used as chemical feedstock, infuel applications, conventional electricity-generating systems such as dieselengines, or can also be used to produce refined fuels [3, 47].
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Where E and A are the activation energy and the frequency factor respectively;
R is the universal gas constant (8.314x10-3 kJ kg mol-1 K-1), and α is theconversion or reacted fraction that can be described as follows [28]:
ߙ = 1 − ݉1 − ݉ ௖௛௔௥ Equation 2.1-3
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The individual decomposition of each material can be thus calculated accordingto the Equation 2.1-2; using experimental values from the thermogravimetricanalysis [28]. By using these expressions, a quantitative prediction of the RDFpyrolysis behaviour can be obtained [24].
Variations in the pyrolysis process include conventional pyrolysis, flash-liquid,flash-gas, and carbonisation. For each type of pyrolysis, features such as theheating rate and temperature are varied according to the different productswhich are targeted to be obtained, namely: charcoal, gas, char, liquid, and orchemicals [3].
2.1.2.4 Gasification
The gasification process is strictly speaking a continuation of the pyrolysisprocess. It differs from the pyrolysis process as the thermal decompositiontakes place at higher temperatures and under partial-oxidizing conditions i.e. inthe presence of oxidising agents. The relation between the actual amount of
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oxidising agent (air, oxygen, steam, or mixtures of these) and the amount of fuelused in order to achieve full combustion (under stoichiometric conditions) isknown as the equivalence ratio or stoichiometric ratio [43, 49]. During thegasification, the carbonaceous based materials are converted into gas with a lowamount of liquid and solid fraction, through a series of different reactions [11,12]. In Table 2.1-9, are summarized the main chemical reactions occurringduring the gasification process [33, 34]. The exothermic reactions include thereactions of oxygen with carbon, hydrogen and carbon monoxide, and theendothermic reactions include the reactions of carbon with carbon dioxide andsteam.
Table 2.1-9. Basic homogeneous and heterogeneous reactions duringgasification of solid waste
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In a similar way as in the pyrolysis process, there are some factors thatinfluence the products distribution and composition from the gasificationprocess, including raw material characteristics, process temperature, pressure,gasifying medium, catalyst and additives, equivalence ratio (ER), residence time,etc. The selection of these parameters is also related to the design of thegasification reactor [50]. For example the moisture content of the solid wasteinfluences process temperatures, composition and amounts of products. Whenthe moisture content is above 20wt.% and gasification temperatures around600 °C, MSW cannot be easily degraded [13, 51]. Also an increase in thegasification temperature and/or in the heating rate might result in higherhydrogen concentrations in the produced gas [42].
The gasification temperature has significant influence on the gas heating value,tar content in the produced gas, etc. Figure 2.1-12., shows the effects of thegasification temperature over various parameters when different feedstocks areused during the gasification process [50].
Figure 2.1-12. Influence of the gasification temperature over productcharacteristics, using different raw materials
2.1.2.4.1 Types of gasifier
The design of each gasifier is defined according to the products requirements,raw materials used, operational conditions, etc. Different gasifier designsinclude fixed bed, fluidized bed, and entrained flow; the general configuration ofeach reaction system is presented in Figure 2.1-13 [11, 52-54].
- 36 -
Figure 2.1-13. Configuration of gasification reactor systems
For each one of the reaction systems presented in Figure 2.1-13 there arediverse operational advantages and disadvantages, which are summarised inTable 2.1-10.
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Table 2.1-10. Strengths and weaknesses of gasifiers according to their design
Adapted from [54-57]
From all the different gasifier designs the most used are fluidized and fixed bedreactors. Fixed bed gasifiers with a downdraft configuration have been reportedto attain high feedstock conversion, to produce a gas with higher quality andlower tar levels, when compared with other gasifiers under similar conditionsusing the same feedstock [55, 58].
2.2 Pyrolysis-gasification for hydrogen productionPyrolysis and gasification processes are focused on the thermal degradation ofsolid wastes; however both differ in some operational and technical parameters.A summary including the main characteristics of pyrolysis and gasificationprocesses is shown in Table 2.2-1 [33].
Gasifier Type Strength Weakness Size
Entrained flow Short residence time (secondsor tens of seconds)High temperatures achieved(good fuel conversion)
High temperatures requiredEntrainment of some moltenslag in the raw syngasRelatively large oxidantrequirementsLarge amount of sensibleheat in the raw syngas
LargeScale
Fixedbed Updraft
Low oxidantrequirementsCounter flowgives a highproportion ofchemicalenergy,increasing thegas calorificvalue.High thermalefficiency.
Smallpressuredrop.Littletendencytowards slagformation.Goodturndown.
Thetemperature ofthe gas exitingis lower thanthetemperatureneeded forcompletematerialconversionProduction ofliquidhydrocarbons,tars and oilsLimited abilityto handle fines






Uniform andmoderatetemperaturethrough thebedModerateoxygen andsteamrequirementsAvailability totreat smallparticle sizefeed.Very goodscale-uppotential.
Goodtemperaturedistribution.Easilystarted andstopped. Temperature controlDifficult to achieve high feedconversionsPoor fuel conversion to gas MediumScaleCirculatingbed
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Table 2.2-1. Main characteristics of pyrolysis and gasification processes
The different primary products, recovery potential and secondary productsfrom pyrolysis and gasification processes are shown in Figure 2.2-1 [59].
Figure 2.2-1. Pyrolysis and Gasification primary and secondary products
Pyrolysis and gasification processes can be combined offering severaladvantages rather than using each process separately. An example of the
Condition Pyrolysis GasificationAim of thethermochemicalprocess Thermally decomposesolid material into gasesand condensed fraction Maximize the solid conversioninto gas containing mainly CO,H2 and CH4
Oxidising medium No oxidising agent used Air, oxygen, steam or mixturesof these gases (lower amountthan that required forstoichiometric combustion)Operatingtemperatures 300-800°C 550-900°C (air)800-1500°C (oxygen)Pressure Slightly over pressure AtmosphericOutput gases CO, H2, CH4 and otherhydrocarbons CO, CO2, H2O, H2, CH4Contaminants inthe output gas H2S, HCl, NH3, HCN, tar,particulate H2S, HCl, COS, NH3, HCN, tar,alkali, particulateGas cleaningrequirement Syngas cleaning required for further use; e.g. in chemicalproduction processes o high efficiency energy conversiondevices
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combination of pyrolysis and gasification processes and products is presentedin Figure 2.2-2 [38].
Figure 2.2-2. Pyrolysis and gasification main products and combination of bothprocesses
In order to use the syngas as feedstock for methanol and naphtha production inthe chemical industry, it should meet certain requirements such as a H2/COratio higher than 1.7. To achieve this requirement during the gasification ofwastes, it is necessary to add steam into the process [60]. When steam is addedinto the combined process, some chemical reactions are promoted (water gas-shift, steam methane reforming, steam reforming, etc.), resulting in theformation of CO and H2 [12].
The recovery of energy from solid wastes processing can be addressed from twodifferent perspectives namely electricity and/or heat production. However thetype of energy recovery is highly dependent on the produced gas or syngascharacteristics [38]. Therefore by combining pyrolysis and gasificationprocesses seems a viable way to obtain a high-hydrogen rich syngas, with a highheating value and low tar content.
2.2.1 Syngas and Hydrogen; potential applications
A syngas with different H2 to CO ratio can be obtained through differentproduction processes using diverse carbon based feedstocks. A general diagramshowing some of the most common syngas production routes and applicationsis shown in Figure 2.2-3 [61-63].
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Figure 2.2-3. Potential uses of syngas from carbon based feedstocks
A partially cleaned syngas can be fed into combustion chambers to recoverenergy by a water-steam cycle. As shown in Figure 2.2-3, the syngas can befurther upgraded e.g. to obtain hydrogen. A cleaned syngas can be used in smallscale internal combustion for electricity production, furthermore when thegases are thoroughly cleaned can be directly used in combined cycles forelectricity production including a gas turbine and a second cycle for steamproduction and further use of a steam turbine [12, 38]. Figure 2.2-4 showsdiagrams of the most common systems used for energy recovery [8].
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Figure 2.2-4. Typical energy recovery flow diagrams
Steam turbines (Figure 2.2-4a) are the most common energy recovery devicesand are normally used for large systems (10-50MW). Gas turbines (Figure2.2-4b) are compact and efficient systems that can be fed with gaseous or liquidfuels. Internal combustion engines are alternative equipment to gas turbinesand are modifications of original systems designed for natural gas or propane(Figure 2.2-4c). Figure 2.2-4d and Figure 2.2-4e, are examples of systems usedfor cogeneration, these types of engines are widely used in the industry forelectricity generation [8].
Hydrogen has a broader potential to be used for power generation both in theform of heat and/or electricity, when compared with the raw syngas. Hydrogenpotential yield is defined as the sum of the hydrogen in the produced syngas andthe theoretical hydrogen from the water-gas-shift reaction, as well as thecomplete reforming of hydrocarbons in the produced syngas according to(Equation 2.2-1) [64]:
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ܥ௡ܪ௠ + 2௡ܪଶܱ ⇄ (2݊ + ݉ 2⁄ )ܪ2 (∆ܪଶଽ଼ ௄ > 0) Equation 2.2-1
Gaseous hydrogen can be burned as fuel or used in fuel cells for powergeneration [65]. When hydrogen is combusted with oxygen, energy is releasedin the form of heat, also water (steam) is released into the atmosphere, thus thehydrogen cycle is closed [66]. Hydrogen can be also used as feedstock inchemical processes, fuel cells or for methanol and/or ammonia generation [11].Hydrogen is a fuel with high energy per unit mass, can be produced byrenewable sources (solid waste, water, etc.), and is also a clean energyalternative therefore is also referred to as an energy carrier [67, 68]. For thesereasons many researchers have focused on the further upgrade of syngas tohydrogen (Figure 2.2-3).
Currently about 95% of the total hydrogen produced comes from the use ofcarbonaceous raw material (mainly from a fossil source), and is widely usedworldwide in the hydrocarbon processing industry. The hydrogen demand inthe year 2000 was approximately 50 million tonnes and is expected to increaseabout 4 per cent per annum, thus by the year 2016 will be required about 300million tonnes of hydrogen; therefore it is essential to develop alternativeroutes to produce hydrogen different from those based on fossil fuels [69, 70].Currently there are a number of processes for hydrogen production namelyelectrochemical routes, thermochemical processes, photochemical andphotocatalytic processes, or photoelectrochemical processes [71]. Among thethermochemical routes used for hydrogen production, the most common is thenatural gas steam reforming process, which is used to supply about half of theworld’s hydrogen demand [71].
Of the total energy produced in the world, about 80% comes from fossil fuelssources, including natural gas, oil, and coal [66, 72]. The world energy demandtends to increase every year; for example according to the Energy InformationAdministration (EIA, 2013) IEO report, the energy consumption in 2010 was2.67x1020 joules; it will increase to 6.65x1020 joules in 2020 and up to 8.65x1020
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joules by 2040 [73]. About 85% of the world energy demand from 2010 to 2040will come from countries outside the Organization for Economic Cooperationand Development (non-OECD); according to the projections showed in Figure2.2-5 [73].
Figure 2.2-5. World total energy consumption, 1990-2040
In order to propose a clear scenario about the future use of hydrogen it isnecessary to ensure its production, safe storage and conversion potentialmethods [66]. For this reason, different production routes are considered toensure its supply in the future. In addition there are some challenges associatedwith the potential of hydrogen to be stored and transported. Different ultra-highcapacity materials have been researched to ensure the highest potentialhydrogen storage, as most of the time there is a significant loss (up to half thestorage capacity by weight) in the systems integration [74]. All theseparameters give an idea about the different challenges that hydrogen as anenergy carrier must meet to be further considered as an alternative fuel.
High hydrogen content is desirable to simplify the hydrogen production routefrom syngas (Figure 2.2-3); unfortunately sometimes impurities such as tar andparticulates are present in the syngas composition, reducing its quality andhindering its use for further applications.
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2.3 Tar: definition and compositionThe term tar encompasses different aromatic hydrocarbons contained in theproduct gas from single ring aromatic structure to 5-ring aromatic compoundstogether with other oxygen-containing hydrocarbons and polyaromatichydrocarbons (PAH); hence tar is not a single compound [50, 75-77]. Forexample Pober and Bauer [78], analysed the oil fraction from the pyrolysis ofMSW and found a large number of compounds with molecular weights rangingfrom 32 to 10,000 Da; therefore the tar boiling point also varies from about 55to 300 °C. The variety of compounds that can be found in the tar fraction isinfluenced by diverse parameters such as process conditions and raw materialsused.
In the literature, different definitions of tar have been stated, for example Milneet al [76], defined tars as highly aromatic compounds resulting from thermalprocessing of organic materials. Also in the literature it has been reported thattar includes all the aromatic compounds, excluding benzene and lighthydrocarbons from C1-C6 [79, 80]. In a joint meeting among diverse experts inthe field organised by the IGT (Institute of Gas Technology, Chicago, USA), inBrussels on March 1998; it was agreed to define tar as “hydrocarbons withmolecular weight higher than benzene”; this definition was considered alongthis research work [81].
The first global approach to the study and characterisation of tars from thermalprocessing of solid waste was carried out by Elliot and collaborators in 1986[82], using capillary gas chromatography coupled to mass spectrometrytechniques. Elliot et al, correlated the formation of oxygenated tar at lowtemperature with the deoxygenated tars formed at higher temperatures. Tarevolution and composition has been studied during the gasification processaccording to the gasification temperature, residence time, gasification medium,and equivalence ratio (ER). However most of the studies have centred theirattention on the effects of the temperature on tar composition. For example,Phuphuakrat et al [83], reported that an increase in the ER and high
- 45 -
temperature enhanced tar cracking reactions during the gasification of drysewage sludge, using a fixed bed reaction system. In general the overall yield ofPAHs has been found to increase as process temperature and gas residencetimes are also increased during the thermochemical processing of solid waste[84]. Williams and Besler [85], reported that the formation of PAH wereinfluenced by both the process temperature and the residence time during thepyrolysis of diverse waste materials. They stated that the aliphatic tar fractionwas reduced and the aromatic fraction increased when the pyrolysistemperature was increased.
When a solid fuel is exposed to elevated temperatures, thermal cracking takesplace breaking the molecular bonds of the organic material and generating twophases. The first one is a gas phase formed by the smallest molecules and thelarger molecules generate the primary tars. Primary tar reacts to generatesecondary tars then, the formation of tertiary tars results from the increase ofprocess temperature, and finally the condensed tertiary tars appear at highertemperatures around 800 °C and 900 °C. The pathway starts with the formationof small molecules until the formation of larger molecules and, depends to someextent on the process temperature. The formation pathway can be exemplifiedin Figure 2.3-1 [76, 86].
Figure 2.3-1. Pathway of tar formation during increased gasificationtemperature
According to van Paasen [87], primary tars are characterised by cellulose,hemicelluloses and lignin derived products, i.e. the main components of organic
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fraction of solid waste. Secondary tars are characterised by phenolics andalkenes, and are products from the conversion of primary tars. The alkyltertiary products include methyl derivates of aromatics such as styrene andxylene; and finally, the condensed tertiary tars are polyaromatic hydrocarbons(PAH) without substituents.
The development of tar decomposition mechanisms is useful to understand theconversion of aromatic hydrocarbons, a pathway showing this mechanism inthe presence of hydrogen and steam has been proposed by Jess et al [88], and isshown in Figure 2.3-2.
Figure 2.3-2. Proposed pathway for thermal conversion of tar aromaticcompounds
In Figure 2.3-2, the main soot precursors are pyrene and fluoranthene, formedthrough polymerization and condensation reactions. Other cracking productssuch as indene, indane, dihydronaphthalene and toluene are formed throughhydrogenation reactions, and are formed in a limited extent [88].
The formation of PAH’s during the thermal decomposition of carbon basedfeedstock, is attributed to reactions of the Diels-Alder and deoxygenation type[85]. For example tertiary tars can be formed as a result of the(4+2)cycloaddition; according to Diels-Alder a conjugated diene and adienophile (e.g., an alkene) react together resulting in the formation ofsubstituted cyclohexanes [77, 89]. In Figure 2.3-3 is presented the Diels-Aldermechanism followed by the dehydrogenation reaction for the formation ofbenzene Figure 2.3-3(a), and PAH formation of naphthalene Figure 2.3-3(b) [90].
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Figure 2.3-3. Diels-Alder and subsequent dehydrogenation reaction for theformation of benzene (a) and naphthalene (b)
Regarding the oxygen-containing compounds, two different thermaldecomposition routes have been proposed for phenol [91]. The first oneincludes the isomerization of phenol, to 2,4-cyclohexadienone followed byendothermic decarbonylation to produce cyclopentadiene (C5H6) and CO(Figure 2.3-4a). The second thermal route is radical fragmentation to producehydrogen atoms and phenoxy radicals (Figure 2.3-4b). Both pathways for thethermal decomposition of phenol are presented in Figure 2.3-4 [91].
OH O CO
OH H O CO
(a)
(b)Figure 2.3-4. Phenol cracking reactions pathways for cyclopentadiene formation
Kinoshita et al [92], reported that during the gasification of sawdust attemperatures around 800 °C the formation of aromatic species such asnaphthalene and phenanthrene was favoured; whereas the destruction of thesecompounds can be achieved at process temperatures above 850 °C. AdditionallyYu et al [93], reported that an increase in the gasification temperature from 700to 900 °C, promoted a reduction of about 40% in the tar yield. It was alsoobserved that the total amount of oxygen containing compounds, and 1-2 ringaromatic compounds were reduced, however the amount of 3-4 ring aromaticcompounds was increased.
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Based on the molecular weight of the different compounds contained in tars,different authors have classified tar compounds into five groups [75, 94-96].This classification is shown in Table 2.3-1.
Table 2.3-1. Classification of tar compounds
Considering the previous tar classification, it has been reported that an increasein the process temperature has a positive effect on the decomposition of tarClass 1 and 2, whereas concentrations of tar Class 3 and 5 tend to increase asthe temperature increases [94]. Also it has been reported by van Paasen andKiel [87], that tar compounds such as alkyl-substituted PAH can shift topolyaromatic hydrocarbons by increasing the gasification temperature from750 °C to 950 °C.
The temperature at which the tar condensation begins is referred as to tar dewpoint, and can be calculated for individual tar compounds using the Equation2.3-1 [97].
22400 ܥ
ܯ
ܶ273 1݌௦௩(ܶ) = 1 Equation 2.3-1
From Equation 2.3-1, C refer to as the compound concentration given in g/Nm3,
M is the molecular weight, T is the absolute temperature, and psv(T) is thesaturated vapour pressure at the temperature T. The total tar dew point can betherefore calculated by taking the sum of the dew points of each individual tarcompound, assuming that tar vapours behave as ideal gases. In order to prevent
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downstream tar associated problems, and to facilitate the tar dew pointcalculation the ECN in joint with Michell Instruments developed a devicecapable to measure the tar dew point [97].
The tar composition also has influence over the overall gas dew point. Forexample has been reported that tar having 4 or more aromatic rings can raisethe gas dew point from 120 °C to temperatures above 200 °C [98]. It has beenalso reported that for gasification temperatures below 750 °C the generated tarcontains low molecular weight compounds but more heterogeneous atoms.Whereas at higher temperatures larger molecules are generated, decreasing thereactivity of tar and increasing the tar dew point [99].
Some authors have reported a correlation between the raw materials propertiesand tar composition. For example Pinto et al [100], analysed the effect ofdifferent plastics waste in relation to the pyrolysis products yield. Theyreported that the presence of specific plastic materials has a large effect, forexample an increase in the presence of polyethylene (PE) in the feedstockpromoted an increase in the alkane content, whereas a higher amount ofpolystyrene (PS) led to a higher aromatic content in the final liquid product.Pyrolysis oils are known to contain polycyclic aromatic hydrocarbons (PAH)and oxygenated compounds. Also Desbène et al [101], worked in thecharacterisation of oils from biomass slow pyrolysis, they found that the mainaromatic compounds include alkylated naphthalenes, biphenyls, fluorene,anthracene, pyrene and benzofluorene.
The characterization of the tar is important to get a better idea about the varietyof compounds present as well as their concentration, also has been reported inthe literature that some of the polyaromatic hydrocarbons (PAHs) found in tarsamples might present some carcinogenic characteristics. An example ofpolyaromatic hydrocarbons and their carcinogenicity is shown in Table 2.3-2[102].
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Table 2.3-2. Examples of PAH compounds and associated carcinogenicities









Figure 2.3-5. Schematic of tar formation from lignin air-steam gasification
From Figure 2.3-5 it can be observed that tar undergoes through a cracking andpolymerization cycle. The final structure is determined not only by the initialraw material but also from the thermodynamic process itself. S2 representssingle-ring aromatic compounds formed as intermediates, if more H freeradicals were present in the S2 formation step, the aliphatic chain might bestabilised, enhancing gas formation. Therefore the amount of hydrogen freeradicals might determine the molecular weight of the tar compounds. S2compounds further promote the formation of larger molecular weight (MW)compounds. S1 represents 3-ring aromatic compounds with a side-chain, and isformed through parallel reactions; whereas S2 might also result from otherintermediaries reacting with water. The cracking reaction from S1 to S2 takesplace when the temperature is increased, and also water steam is present.
2.3.1 Syngas tar requirements
The formation and presence of tar in the produced gas or syngas, not onlyinfluences its quality but also reduces the overall process yield. The generalsyngas requirements have been addressed previously in Section 2.2.1., howeverthe tar concentrations and requirements are even more specific. Initially theelevated operational temperatures in turbines, allow most of the tars containedin the syngas to remain in the gaseous phase, however condensation might arisedownstream of the process. Once the temperature is reduced in pipelines andother process equipment such as economizers and air-preheaters, tar starts to
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condense resulting in fouling and blocking [50, 104]. Therefore syngas aimedfor power generation must meet certain criteria in this regard. For example forfurther use in internal combustion engines the tar concentration limit in syngasis 100mg/Nm3; whereas for gas turbines the tar limit is 5mg/Nm3. Tar andparticles requirements for both systems are presented in Table 2.3-3 [76, 104-106].
Table 2.3-3. Syngas requirements for Internal Combustion engines (ICEs) andGas Turbines (GTs)
To facilitate syngas transportation the syngas is sometimes compressed,however if the tar content is particularly high, it will deposit in the equipment[105]. Normally the tar limit concentration in the syngas for compressors is500mg/Nm3, which is about 5 times higher than the one required for internalcombustion engines (Table 2.3-3).
2.3.2 Alternatives for tar removal and tar reduction
So far different techniques have been assessed in order to reduce tar formationduring the gasification process. For example, novel techniques such as pulsecorona discharge in the flue gas have been studied. However high energeticrequirements (~400J/L) are reported for tar removal using this method,reducing its economic viability to be considered as an alternative technique[107].
To a large extent two different approaches for tar removal have beeninvestigated in the literature, the first refers to treatments inside the gasifier(known as primary methods), and the second is hot gas cleaning after thegasifier (known as secondary methods). Primary methods include all themeasures taken in the gasification to avoid tar formation, for example thedesign and operation of the gasifier itself. Ideally a very efficient primarymethod should totally avoid the need of a secondary method. However the
Parameter Units ICEs GTsParticles mg/Nm3 <50 <30Tar <100 <5
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analysis of primary methods is not within the scope of the present work. On theother hand secondary methods include thermally or catalytic tar cracking, orthe use of mechanical methods such as cyclones, baffles filters, ceramic/fabricfilters, scrubbers, rotating particle, electrostatic precipitators, etc. Any of thesechemical or physical treatments are carried out downstream of the gasifier. Theuse of mechanical devices for hot gas cleaning is not an economically viablealternative as it involves modifications in the facility itself. Although some ofthese devices have been demonstrated to be effective for gas cleaning, the trendto reduce tar formation is focused on in situ treatments as they eliminate therequirement of downstream cleaning systems or devices. The increase of theprocess temperature and/or residence time was one of the most commonmethods tested in the past. However, there is current interest in the use ofcatalysts during the catalytic steam reforming process as it results in a suitablealternative to improve the quality, composition and calorific value of the finalgas. In addition, catalysts can modify the hydrogen to carbon monoxide ratio ofthe syngas by promoting steam reforming, water gas shift, and tar crackingreactions. Additionally the required process temperature is reduced, resultingin an economic and technologically viable alternative to reduce tar formation inthe final syngas [9, 50, 59, 64, 77, 80, 86, 108, 109].
2.4 Pyrolysis-catalytic steam reforming processAbu El-Rub [80], reported two ways to use catalytic reforming, the first optionsuggests mixing the selected catalyst with the feedstock to achieve a catalyticgasification in situ. Whereas the second option suggests that the produced gasesare passed through a catalyst bed normally placed in a secondary reactor, thecatalyst might be recovered and further recycled making this a moreeconomically viable alternative. This can be achieved by combining pyrolysisand gasification processes, following a series of sequential thermochemicaldecomposition steps. The first thermochemical step or pyrolysis might becarried out at temperatures around 300 °C up to 700 °C; during this stage thesolid waste will be thermally decomposed resulting in the formation of tar, charand volatiles fractions. After this the gaseous fraction is passed directly to the
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gasification stage where the gas compounds will further react according to thefollowing catalytic steam reforming reactions (Table 2.4-1) [64].
Table 2.4-1. Catalytic steam reforming reactions
2.4.1 Tar cracking reactions in the catalytic process
The main tar decomposition reactions take place at different stages of thegasification process including cracking, dry and steam reforming. Thesereactions are included in Table 2.4-2, where CnHx represents tar and CmHy refersto hydrocarbons [96].
Table 2.4-2. Tar decomposition reactions
The general mechanism of catalytic tar reforming starts with the adsorption ofhydrocarbons onto the metal site of the catalyst, promoting metal-catalyseddehydrogenation reactions. Then the water steam is also dissociativelyadsorbed onto the catalysts’ support resulting in hydroxylation of the catalysts’surface. Depending on the process temperature, OH- radicals migrate to themetal’s sites; thus the intermediate fragments of hydrocarbons are oxidized andsurface carbons are transformed to CO and H2 [94].






The kinetics of tar catalytic cracking has been addressed by Dou et al [110],including tar components, primary and secondary gas products and coke. Thismodel is presented in Figure 2.4-1 [110].
Figure 2.4-1. Kinetic model for cracking of a tar component
From Figure 2.4-1, Dou et al [110] developed the kinetic expressions for the tarcompound cracking, considering product yields, deactivation function (catalyst)and the kinetic constant.
In a deeper analysis of the tar behaviour some authors have also studied thethermodynamic properties of tar evaluating the tar heat enthalpy and entropy[96, 111]. According to kinetic and thermodynamic considerations, atgasification temperatures under 800 °C tar cannot be eliminated, includingheavy and light hydrocarbons during the reforming stage, resulting in all the tarassociated problems [60].
2.4.2 Tar model compounds
To get a better understanding of the decomposition mechanism of tars duringthermal processes, and even more when interacting with catalysts during thecatalytic steam reforming process, different tar model compounds have beenstudied and tested under different gasification conditions. For example Elliot etal. [112, 113], studied the catalytic gasification of p-cresol in the presence ofnickel alumina supported catalyst at 350 °C, to produce methane and CO2.Additionally other authors have used tar model compounds such asnaphthalene [114], methylnaphthalene [79], phenol [115], etc., to study thedifferent decomposition reactions.
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In the case of naphthalene, this 2-ring aromatic compound can undergo thermaldecomposition to break aromatic rings through naphthoxy formation andfurther decomposition into indenyl. During the thermal decompositionbyproducts such as naphthalene-dione and phthalicanhydride are formedtowards an oxidation mechanism of intermediates, following the schemeproposed by Nair et al, shown in Figure 2.4-2 [107, 116].
Figure 2.4-2. Naphthalene decomposition mechanism
Jess [88] reported the kinetics involved in the thermal decomposition ofaromatic hydrocarbons in the presence of hydrogen and steam, usingnaphthalene, toluene and benzene as tar model compounds. The conversionyields and the kinetic parameters involved, together with the reaction sequencefor methane formation from toluene with hydrogen to benzene were also
addressed. Świerczyński et al [109], used toluene as tar model compound to study the tar removal efficiency of Ni/olivine catalyst in a fixed bed reactionsystem, a high steam reforming of toluene and low carbon formation wereachieved.
Güell et al [115] also proposed the decomposition mechanism of oxygen-containing compounds such as phenol during the steam gasification process.This mechanism is shown in Figure 2.4-3 [115].
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Figure 2.4-3. Steam gasification of phenol over nickel based catalysts
From Figure 2.4-3, it is observed that nickel and steam promote the breakage ofthe phenol main aromatic ring or the separation of the radical OH-, resulting inthe formation of lighter aromatic compounds or single ring compounds(benzene) together with other steam reforming products. Similar interactionsoccur for other polyaromatic and oxygenated tar compounds when subjected tothe catalytic steam reforming process using nickel-based catalysts.
2.4.3 Tar sampling methods
There are two ways reported in the literature for tar sampling namely on-lineand off-line methods. A general approach to both tar sampling methods is givenin Figure 2.4-4 [117].
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Figure 2.4-4. Diagram of tar sampling and analysis
On-line tar sampling methods include flame ionization detection, photospectroscopy (laser spectroscopy), light emitting diode spectroscopy, inducedlaser systems (fluorescence signals), etc. [118, 119]. Unfortunately the use ofthis technology is associated with elevated costs reducing its further applicationcompared with other simple and efficient off-line methods.
Off-line tar sampling methods are based on the accumulation for example usingcold trapping, then the sample preparation stage where a solvent extractionmight be used, and finally the analysis that might be focused on weightdetermination. The selection of each step is based according to the analysisapproach and tar analysis requirements. The most common off-line methods arethe European Tar Protocol (CEN/TS 15439) and the Solid Phase Adsorptionmethod (SPA) [119-121]. The European tar protocol is based on the absorptionof organic contaminants (tars) in an organic solvent. The procedure for tarmeasurement consists of a gas preconditioning, a filter, tar collection andvolume metering. Also different impinger bottles filled with a specific organicsolvent are used. Qualitative and quantitative information can be obtained fromthis method [119].
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The Solid Phase Adsorption method (SPA) for tar measurement, is alsocommonly used and it was firstly reported by Brage et al [122], to monitoringthe evolution of tars from biomass gasification. It was initially developed by theRoyal Institute of Technology (KHT) to quantify tar compounds with molecularweight ranging from 78 (benzene) to 300 (coronene) [122, 123], and has theadvantage of considerable reduction in the sampling time from 60 minutes to upto 1 minute, the sampling is simple and repeatable, also the samples can be wellpreserved. A schematic of the conventional SPA tar sampling system ispresented in Figure 2.4-5 [119, 122].
Figure 2.4-5. General diagram SPA tar sampling method in the produced gas
The principle of the SPA method is based on trapping vapour-phase tarcompounds in silica bonded amino-phase vapour trap, at room temperaturewhere molecules with polar nature will be retained by the vapour trap activesites. An aliquot of the produced gas is drawn into the sorbent tube, followed byelution and further addition of two internal standards, using a elutropic seriesto get a neutral aromatic fraction and a polar phenolic fraction [122].Modifications to the traditional SPA sampling method have been reported in theliterature. For example Osipovs [124], used two different solid-phase sorbentsfor benzene sampling in tar from biomass gasification, and also Masson et al
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[125] reported the use of a coupled SPA with a thermal desorption and gaschromatography analyses systems.
2.4.4 Types of catalysts used for catalytic steam reforming
When selecting catalysts, these must meet certain criteria to have anappropriate performance, this means the catalysts must be effective for tarremoval; must be resistant to deactivation due to carbon fouling and sintering;should be easily regenerated; should possess good mechanical properties, andshould be inexpensive [94, 126]. In the literature it has been reported thatseveral types of catalysts have the potential for cracking tars from the producedgas stream [127-130]. Therefore different catalysts have been evaluated duringcatalytic steam gasification processes in terms of their nature, precursor,preparation method, activity and selectivity for tar reduction, economicfeasibility, attrition resistance, and also about their influence over the quality ofthe final syngas [50, 131].
Some non-metallic catalysts that have been extensively studied for tarconversion are calcined dolomites or limestone [132-134]. Dolomites have beenused as they represent an economic alternative and are widely available.However their resistance to attrition is very low, with low yields for tarconversion. Additionally dolomites require high process temperatures ofaround 850 °C to be effective for tar removal. Considering the advantages of thismaterial, some other authors such as Corella et al [135], use a guard bed ofdolomite followed by a bed of nickel based catalysts to reduce tar content. Othernon-metallic material that has been widely used is olivine (magnesium-ironsilicate) that has demonstrated a similar activity for tar conversion as dolomite,under similar operation conditions [136, 137]. An advantage of dolomites overolivine is that dolomite has high attrition resistance, therefore it has been usedas the primary catalysts and not as a guard bed [109].
Regarding metal-based catalysts, catalysts based on nickel have been largelystudied to reduce tar formation, mainly in hydrocracking and biomass
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gasification processes [79, 138-146]. Nickel based catalysts are preferred overother metals such as Rh, Ru, or Pt as nickel is widely available, represents amore economic option, and has been proved to be very effective for tar removalduring the gasification process [79, 80, 147]. Therefore this work will befocused on the use of nickel based catalysts during the pyrolysis-gasificationprocess.
2.4.5 Nickel-based catalysts during the pyrolysis-gasification process
Nickel has been widely used as the metal base for different catalysts, howeverone of the main limitations of using nickel as catalysts is the deactivation, whichit is mainly originated by carbon deposition on the catalyst surface, sinteringand/or metal oxidation [109, 148, 149]. Therefore nickel catalysts are combinedwith oxide supports such as silica oxide (SiO2) or alumina (Al2O3) oxide in orderto improve the catalysts properties, increasing their activity and efficiency whenused in the gasification process [150]. Diverse oxide supports have been testedfor their efficiency on improving nickel catalysts properties such as surface areaand pore distribution; hence a better catalyst performance can be achieved. Toget an idea about the oxide supports diversity and other metals that can be usedtogether with nickel based catalysts (metal promoters), in Figure 2.4-6 arepresented the most common oxide supports used from the year 1928 up to2007, based in a detailed report done by Zhang et al [148].
Figure 2.4-6. Timeline of the most common nickel based catalysts synthesizedsince 1928
A wide variety of synthesis methods have also been reported for catalystspreparation, namely: sol-gel, impregnation, precipitation, co-precipitation,
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homogeneous precipitation, phase separation, etc. The preparation of catalystsplays a major role in relation to the final catalysts characteristics and involves asequence of several complex steps. Each one of these sequential steps has aneffect over the final catalyst properties such as surface, area, metal dispersion,pore size, etc. In general the main characteristics sought are good stability,activity and selectivity [151]. A better understanding of both the process andcatalysts requirements is required before the selection of the synthesis method.
The catalysts properties and consequently their performance and activity arehighly influenced by every step of the preparation method and by the quality ofthe raw materials. The selection of the preparation method depends on thedesired physical and chemical properties of the catalysts together with thedesired final composition [152]. Additionally a careful selection of the support isrelevant as it can provide a high degree of thermo stability and a high dispersionpotential to the catalyst, the effect of diverse supports and their influence overcatalyst properties have been also reported in the literature [152].
Gil et al [153], analysed the effect of the preparation method and the nature ofthe support over the catalyst stability and nickel dispersion. The preparationmethods used were incipient wetness, ion exchange, and precipitationdeposition, and the supports tested were silica (SiO2), alumina (Al2O3) andsilica-alumina (SiO2-Al2O3). It was found that the metal-support interaction ishighly influenced by the preparation method, and it was found a better metallicdispersion and stability for a Ni/SiO2 catalyst prepared by precipitation-deposition method.
The most popular preparation methods for nickel based catalysts are the sol-geland impregnation methods. The sol-gel method consists of the sequential stepsof a solution and further gel formation, colloidal dispersion or organicprecursors can be used as raw materials [154]. Whereas the impregnatedcatalysts are normally obtained from the impregnation of preformed supportsand an active phase [152]. For example, Efika et al [155], used a sol-gel methodfor the synthesis of three nickel based catalysts: NiO/Al2O3, NiO/CeO2/Al2O3,
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NiO/SiO2 to be later tested in the catalytic steam reforming of biomass waste.Good results were obtained using the sol-gel method for both catalystsproperties such as high surface area (~760m2 g-1), and for catalyst activitytowards hydrogen production (~44vol.%). Also Wu et al [156], worked in thepreparation of nano-Ni/SiO2 catalysts for hydrogen production during thesteam reforming of ethanol. The catalysts was also prepared through a sol-gelmethod finding good nickel dispersion and high surface area (>700 m2 g-1).Other nickel based catalysts (Ni/SiO2, Ni/Al2O3,) have been reported in theliterature to be prepared using sol-gel methods with promising results in termsof both catalytic activity and catalysts properties [157, 158]. Other authors suchas Tomiyama et al [159], have reported the use of modified sol-gel methods forthe preparation of Ni/SiO2 catalysts. They used a homogeneous precipitation ofnickel hydroxide in a wet silica gel (HPG); the catalyst characteristics werecompared with those obtained using a conventional incipient wet impregnationprocess. Larger nickel metal surface area and higher thermal stability werefound for the HPG catalyst when compared with the impregnated catalyst;which was attributed to the concurrence of dissolution-reprecipitation of silicaand further entrapment of nickel species into the support network.
Additionally other catalysts such as iron-based catalysts have been also usedwith good performance in terms of hydrogen production. Ermakova et al [160],synthesized Ni/SiO2 and Fe/SiO2 catalysts through a heterophase sol-gelmethod and compared their performance for hydrogen production duringmethane decomposition. They reported that the effect of silicates over iron isnot well understood, although might inhibit and/or promote the process ofcarbon formation [160]. However Rao et al [161], previously reported aspectroscopic analysis carried out on iron-based catalysts identifying theformation of small particles of ferric oxide, and also the formation of an iron(II)silicate layer that might affect the rate of reduction of the catalysts as tend topartly cover the iron crystallites.
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2.4.5.1 Addition of metal promoters to nickel-based catalysts
Diverse metals such as cerium (Ce), magnesium (Mg) and aluminium (Al) havebeen added to nickel based catalysts in order to improve the catalystsproperties, and catalyst performance (Figure 2.4-6).
For example Cai et al [162], reported that the addition of Ce to Ni/Al2O3catalysts resulted in an improvement in the catalyst performance towardshydrogen production in the auto thermal reforming of methane. Also theystated that the prevention of undesirable phases such as NiAl2O4 facilitated theformation of NiO crystals; therefore the active sites were increased resulting inhigher catalyst activity. Hu and Lu [163], also reported the modification ofNi/Al2O3 catalysts by the addition of a range of metals (Li, Na, K, Mg, Fe, Co, Zn,Zr, La, Ce). They reported that the addition of Ce to Al2O3 catalysts promoted themethanation reaction, whereas the addition of Mg might increase the number ofNi metallic sites by promoting the reduction of NiO. However a negative effect inrelation to catalytic activity was reported when adding Mg as metal promoter.The addition of Mg to Ni/Al2O3 catalysts has also been reported by Wu andWilliams [164], for hydrogen production during the pyrolysis-gasification ofpolypropylene. They stated that the addition of Mg significantly increased theamount of reacted steam improving the performance of the catalyst in relationto coke formation. However no positive effects in relation to the hydrogenproduction were attained.
Wang et al [165], studied the catalytic steam reforming of methane with carbondioxide, using Ni/Al2O3 catalysts promoted with Mg, Ce and other metals. Higheractivities were observed for the catalysts promoted with Ce when comparedwith the catalyst promoted using Mg, additionally the latter also showed asignificant deactivation. When compared with the original Ni/Al2O3 catalysts,the promoted catalysts suppressed carbon deposition. Also Zapata et al [166],added Ca, K and Ce metals to Ni/SiO2 catalysts in order to increase the catalystactivity for methane decomposition. The results suggested that the addition ofCe prevents sintering of nickel particles and helped to maintain the distribution
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between the silica and cerium oxide also promoting a homogeneous distributionof deposited carbon.
2.4.6 Summary of nickel-based catalysts
A wide range of catalysts have been used and tested during thermochemicaldecomposition processes such as methane reforming and solid wastegasification. However some of them have become more popular for exampleNi/SiO2 and Ni/Al2O3 catalysts due to the higher performance attained eitherrespect to the gas composition or to the improvement in the catalysts properties.The properties and efficiency using other metals such as iron with similar oxidesupports (Fe/SiO2) has been also discussed. The most relevant informationregarding the catalysts described above is given next.
1) Ni/SiO2: for this type of catalyst common nickel loadings rangebetween 10 and 20wt%, with positive effects over catalysts properties such asresistance to deactivation[167] and good catalyst activity towards hydrogenproduction [168]. The preferred synthesis method for this catalyst is sol-gel, asthis results in a good metal dispersion over the silica lattice [157, 169]; althoughthe effects of impregnation or deposition-precipitation have been also studiedin the past for metal-support interactions [170]. Ni/SiO2 catalysts prepared bysol-gel have demonstrated better activity for hydrogen production in processessuch as steam reforming of ethanol [156], and pyrolysis/gasification of solidwastes [168], than those prepared by different methods.
2) Ni/Al2O3: normal metal loadings used for this catalyst are between 10-20wt.%, also different preparation methods have been reported in the literature.The coprecipitation method and a nickel loading of 15wt.% were reportedsuitable for hydrogen production during the reforming of ethanol, whencompared with the impregnation method [171]. A stable activity for Ni/Al2O3catalyst correlated with the resistance to deactivation due to coke deposition ormorphological modifications, during the gasification of biomass was observedwhen compared with olivine and dolomite performances [141].
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3) Fe/SiO2: the performance of high loaded Fe/SiO2 catalysts has beenevaluated and compared with Ni/SiO2 catalysts. Different preparation methodshave been reported for these catalysts such as (heterophase) sol-gel [160] andimpregnation [172]. The metal-support interaction for this catalyst has not beenwell understood, however good performance and activity have been reported inthe literature.
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3.1 IntroductionThis chapter addresses the analytical techniques used to characterise the rawmaterials, the different catalysts prepared, and products from thepyrolysis/gasification process. The procedures used to carry out theexperiments are also described. Additionally the reproducibility of theexperimental methodology and analytical techniques used are presented.
3.2 MaterialsIn this section the characteristics of the raw material used, as well as thesynthesis and materials used for the catalysts preparation are described.
3.2.1 Refuse derived fuel (RDF)
Municipal solid waste (MSW) in the form of refuse derived fuel (RDF) was usedas raw material during the pyrolysis/gasification process. The original samplesin the form of pellets with about 40 mm of length by 20 mm of diameter, wereobtained from Byker, a municipal waste treatment plant based in the UnitedKingdom (UK) (Figure 3.2-1a). To ensure the homogeneity of the material, acertain amount of the RDF was taken, mixed, coned, and quartered repeatedly.Then the sample was further shredded and ground to obtain RDF samples witha particle size of about 1.00mm, as presented in Figure 3.2-1b. The final RDFsamples were mainly composed of plastics, paper, board, wood and other textilematerials.
3.2.1.1 Elemental Analysis of RDF
The elemental analysis of the RDF sample was carried out using a CE Instrumentto determine carbon (C), hydrogen (H), nitrogen (N), and sulphur (S); whereasthe oxygen weight fraction (O) was calculated by difference. The results
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demonstrated that the RDF sample contained about 44wt.%, 6wt.%, 48wt.%,and 1wt.% of C, H, O, and N respectively. Additionally the proximate analysiswas carried out using a thermogravimetric analyser (Schimadzu, StantonRedcroft 280); about 2mg of RDF were placed in a pan; the sample was heatedfrom room temperature to 125 ºC, at a 40 ºC min-1 heating rate and 10 minutesdwell time. Then the temperature was increased up to 900 ºC with the sameheating rate and a further 20 minutes dwell time using nitrogen; after that thegas was switched to air maintaining the temperature at 900 ºC for 20 minutesmore. The results showed that the RDF sample contained about 7wt.% ofmoisture, about 15wt.% of ash, around 67wt.% of volatile matter, and about10wt.% of fixed carbon.
Figure 3.2-1. Appearance of RDF: (a) original pellets, and (b) shredded samples
3.2.1.2 Thermogravimetric Analysis of RDF
Additionally the thermal degradation behaviour of the RDF samples wasinvestigated; this analytical technique is aimed to give information about RDFthermal stability and its fraction of volatile components, details about theweight change of the sample when is heated were obtained. The main
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components of a thermogravimetric analyser are a controlled ceramic furnacecoupled to a microbalance, and a data recorder [1]. The thermal analysis wascarried out using a TGA Schimadzu, Stanton Redcroft 280 analyser; about 10mgof the RDF sample were placed inside of an alumina crucible (1cm diameter and0.7cm deep), which at the same time was held by a platinum holder that alsoacted as a thermocouple. A computer system registered the time, temperature,and changes in the weight with the help of the microbalance. For the analysis ofthermal decomposition of RDF, the temperature was increased from 25 ºC, up to800 ºC with 10 ºC min-1 heating rate; and helium flow rate was set as 50 ml min-1. Once the final temperature was achieved, the carrier gas was changed to air toleave the residual ash. The results were displayed as a thermogram showing theweight change against temperature; additionally the first derivative of the TGAthermogram was plotted [2], as shown in Figure 3.2-2.
Figure 3.2-2. TGA and DTG thermograms of RDF samples
From the thermogravimetric analysis (Figure 3.2-2), different decompositionstages were identified; the first weight loss before 100 ºC was generallyassociated with water or moisture evaporation. After that it was observed aweight decrease at around 230 ºC; some authors have identified this point asthe start of the decomposition temperature of the RDF, when some of thevolatile compounds start to be released as a result of the temperature increase[3]. From the DTG thermogram also around 300 ºC the volatile matterdecomposition was observed, followed by higher volatiles released at around
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500 ºC, and finally after 600 ºC the fixed carbon or ash decomposition wasobserved.
3.2.2 Researched catalysts
The catalyst preparation plays a major role in the catalyst activity, hence in theirefficiency for tar reduction and overall gasification yield. Different catalystpreparation methods have been reported in the literature, namely sol-gel [4],impregnation [5], incipient wetness [6], homogenous precipitation [7], etc. Thepreparation methods and raw materials used in this research work aredescribed below.
3.2.2.1 Ni/Al2O3 impregnated catalysts
Two different nickel alumina oxide catalysts were prepared by an impregnationmethod; the resulting catalysts contained 5wt.% and 10wt.% of metal weight.
The oxide support used was α-Al2O3, obtained from Sigma-Aldrich (99%), nickel(III) nitrate hexahydrate Ni(NO3)2·6H2O also from Sigma Aldrich was used asmetal precursor. An aqueous solution was prepared using a certain amount ofthe metal precursor and deionised water. The mixture was stirred untilcomplete dissolution, and then the amount oxide was added, followed by dryingat 105 ºC. After drying, the catalysts were calcined at 750 ºC with 20 ºC min-1heating rate, for 3 hours under an air atmosphere. (Refer to Chapter 4).
3.2.2.2 Ni/SiO2 catalysts by different preparation methods and metal
loadings
Four Ni/SiO2 catalysts were prepared by a sol-gel method using different nickelloadings (5wt.%, 10wt.%, 20wt.%, and 40wt.%). In addition three morecatalysts were prepared by adding aluminium (Al), magnesium (Mg), andcerium (Ce) as metal promoters to the 20wt.% Ni/SiO2 catalyst. The preparationmethod followed was similar to those reported by Wu and Williams [8, 9].Ni(NO3)2·6H2O, anhydrous citric acid (Alfa Aesar) deionized water, absoluteethanol (Sigma-Aldrich), and tetraethyl orthosilicate (TEOS: Si(OC2H5)4, Sigma-Aldrich), were used as raw materials. The metal promoters used were obtained
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from Ce(NO3)3·6H2O (Aldrich), Al(NO3)3·9H2O (Sigma-Aldrich), andMg(NO3)2·6H2O (Alfa Aesar). Different amounts of the nickel nitrate, citric acid,and metal promoter (if used) were dissolved into 200 ml of ethanol absolute;the solution was stirred at 60 ºC for 3 hours, then a solution containing differentvolumes of deionised water and 50 ml of absolute ethanol was added to thesolution. The resulting mixture was further stirred for about 30 minutes at 60 ºC,meanwhile a certain amount of TEOS was added, drop wise into the solution toobtain different Ni:Si ratios. The obtained solution was dried at 80 ºC overnight,and finally was calcined at 500 ºC for 4 hours (20 ºC min-1, heating rate) in thepresence of air. (Refer to Chapter 5.1).
Another four Ni/SiO2 catalysts were prepared by a wet impregnation method,using the same metal loadings (5wt.%, 10wt.%, 20wt.%, and 40wt.%). Differentamounts of Ni(NO3)2·6H2O were dissolved into 25 ml of deionised water, andmixed with silicon (IV) oxide amorphous (SiO2, 99.5% Alfa Aesar). Theprecursor was stirred at 100 ºC for 30 minutes, then dried overnight (105 ºC),and further calcined at 500 ºC in an air atmosphere for 3 hours. (Refer toChapter 5.1).
3.2.2.3 Ni/SiO2 catalysts prepared using different nickel to citric acid
(Ni:CA) ratios
Ni/SiO2 catalysts were prepared by a sol-gel method with a 20wt.% of nickelcontent and using different nickel to citric acid molar ratios (Ni:CA). Thecatalysts were prepared according to the method described by Wu and Williams[8], therefore the same raw materials were used. For this preparation method,different amounts of nickel nitrate hexahydrate (Ni(NO3)2·6H2O) and citric acid(C6H8O7) were dissolved into 200 ml of ethanol, and stirred at 60 ºC for 3 hours.Then a solution containing different volumes of deionized water and 50 ml ofethanol was added. A fixed amount of TEOS was added, dropwise, into thesolution and stirred for 30 more minutes at 60 ºC. The resulting solution wasdried and calcined using the conditions described above. The amount of citricacid was varied to obtain Ni:CA ratios of 1:1, 1:2, and 1:3. (Refer to Chapter 5.2).
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3.2.2.4 Ni/SiO2 catalysts prepared by homogeneous precipitation methods
Two different homogeneous precipitation methods were used to prepare aseries of six Ni/SiO2 catalysts, with 10wt.% nickel loading. The preparationmethodology was adapted from that reported in the literature for thehomogeneous precipitation method (HPG) from Tomiyama and collaborators[7], and for the combined phase separation and HPG methods from thatreported by Takahashi et al [10]. For the homogeneous precipitation method(HPG), the raw materials used were tetraethyl orthosilicate (TEOS) as a sourceof silica; nickel nitrate hexahydrate (Ni(NO3)2·6H2O) as a source of nickel; nitricacid (HNO3; Aristar), and urea (CH4N2O; analytical/reagent grade FisherScientific); with an initial composition of TEOS: 0.1mol dm-3 HNO3 aq:Ni(NO3)2·6H2O: urea = 18.7: 20.0: 2.34: 4.09 in wt.%. Initially nickel nitrate andurea were added into the aqueous solution of HNO3; then TEOS was added intothe solution. After continuous stirring a homogenous solution was obtained, thiswas poured into an open container at room temperature. A wet gel wasobtained and kept in a sealed container at 50 °C, after one day the temperaturewas increased up to 80 °C for 7 days. A dry gel was obtained and it was furtherdried for 5 days at 80 °C.
A second method was used, adding a phase separation step to the HPG processdescribed above. The same raw materials were used together with polyethyleneoxide (PEO; Acros Organics), deionised water and a 60wt.% aqueous solution ofnitric acid (HNO3; Aristar). The initial composition of raw materials was TEOS:Ni(NO3)2·6H2O: PEO: urea: H2O: 60wt.% HNO3 aq = 26.6: 3.7: 3.2: 4.0: 32.0: 2.8in weight; for a final catalyst concentration of 10wt.% NiO. Initially PEO, ureaand nitric nitrate hexahydrate were dissolved into the nitric acid aqueoussolution; TEOS was added and the solution was stirred until it becamehomogeneous. The solution was kept in a sealed container for 20 hours at 50 °C,and finally the temperature was increased up to 80 °C for 7 days.
For both methods, the final composites were calcined using three differenttemperatures: 500 ºC, 700 ºC, 900 ºC for 3 hours in air. A comparative diagram
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showing both preparation pathways is shown in Figure 3.2-3. (Refer to Chapter5.3).
Figure 3.2-3. Comparative of homogeneous precipitation-based preparationmethods
3.2.2.5 Fe-Ni/SiO2 catalysts using a nano-support
A series of catalysts using silica oxide as support and two different metalprecursors (nickel or iron), were prepared by a conventional impregnationmethod. The raw materials used were amorphous silica oxide, ethanol (99%,Sigma-Aldrich), and nickel nitrate hexahydrate (Ni(NO3)2·6H2O), or iron nitratenonahydrate (Fe(NO3)3·9H2O; Sigma Aldrich). A solution with a concentration of1mol/L was prepared using nickel nitrate hexahydrate or iron nitratenonahydrate and ethanol. Different volumes of the appropriate solution weremixed with a known amount of amorphous silica, to obtain metal loadings of2.5wt.%, 5 wt.%, 7 wt.%, 10 wt.%, and 20 wt.%. The solution was stirred for 2hours at room temperature, then was evaporated overnight at 80 ºC and finallycalcined at 550 ºC for 4 hours in air atmosphere. (Refer to Chapter 6).
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After calcination, all the prepared catalysts were crushed and sieved to obtainfiner particles with a size between 0.05 mm and 0.18 mm. None of the resultingcatalysts were reduced as this process took place inside the reaction system,when the catalyst bed came into contact with some of the produced gases frompyrolysis such as hydrogen (H2) and carbon monoxide (CO) [11]. The activationof the catalyst took place inside the reaction system at the gasificationtemperature of 800 ºC.
3.3 Two-stage fixed bed pyrolysis/gasification reaction systemA two-stage fixed-bed catalytic reaction system was used to carry out variousexperiments; their physical and operational details are described below.
3.3.1 Reactor Set-up
The reaction system consisted of two stages with a downdraft configuration.The reactor was designed to test the catalytic steam reforming process ofdifferent solid waste samples, including RDF. The pyrolysis process takes placewithin the first stage; whereas the catalytic gasification was carried outdowndraft in a second stage. The internal furnace was constructed of one pieceof stainless steel, with a length of 26 cm by 5 cm of diameter for the firstpyrolysis stage, and 35 cm length by 2.5 cm of diameter for the gasificationstage (Figure 3.3-1). Both stages were thermally heated independently, twothermocouples located in each reactor allowed control of the temperature foreach stage; the heat transmission from one stage to the other was negligible.The two sections were mounted in a vertical arrangement with the pyrolysis inthe upper stage and gasification in the lower stage. The sample container wasalso made of stainless steel with dimensions of 17.4 cm length and 1.8 cm ofdiameter. A schematic diagram of the reaction system is presented in Figure3.3-1.
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Figure 3.3-1. Schematic diagram of the two-stage fixed-bed catalytic reactor
3.3.2 Experiment Reproducibility and Selection of Process Conditions
The reactor was initially validated and optimised through a series ofexperiments in order to establish the most suitable operational conditions forthe pyrolysis/gasification process. During the blank experiments, a bed of sandwas initially used, whose main compound is silicon oxide (SiO2) [12].Additionally, some experiments were performed using a prepared 5wt.%Ni/Al2O3 catalyst, whose preparation details can be found in previous Section3.2.2.1.
The amount of RDF used was varied between 1 and 2 grams, this amount wasestablished considering the very low RDF density, and sample container size.According to Wukovits et al [13], the typical steam/carbon ratio used duringsteam reforming reactions is between 2.5 and 3.5. However this is not a rule ofthumb as this parameter also depends on the type of feedstock used, the reactorconfiguration, process conditions, etc. For example Franco et al [14], workedwith biomass as the feedstock and analysed the effects of varying the steam tobiomass ratio over the steam gasification process, and found the most suitableconditions to obtain a gas rich in hydrogen and low in tar was obtained using a
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0.6-0.7 w/w steam/biomass ratio. De Filippis et al [15], used a simulation toolto predict the syngas composition during the gasification of different waste.They determined that about 50wt.% of water in relation with RDF was suitableto obtain a final H2/CO ratio higher than 1.7, which is a desirable value forsyngas composition and further use.
Li et al [16], reported that the most suitable temperature for catalyst activationis around 800 °C, also this temperature promotes a high carbon conversion andlow tar content in the produced gas. The gasification temperature for theexperiments carried out in this research work was initially fixed at 800 °C.Different experiments were carried out varying the pyrolysis temperature andresidence time (reaction time); the results were assessed according to the solidconversion of the RDF. The residence time was varied using 10, 20, and 30minutes, and maintaining other process conditions. Results from theseexperiments are presented on Table 3.3-1.
Table 3.3-1. Solid decomposition yield at different reaction times
From the literature, a normal conversion rate for solid feedstock under similarconditions should be between 60-70wt.%. All the conversion rates in Table3.3-1 were within this range, but higher RDF conversion was attained using 30minutes of residence time. However the RDF conversion was further improvedby increasing the pyrolysis temperature up to 600 ºC (see Table 3.3-2).













(wt.%)10 65.3520 67.3930 68.935008001
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Table 3.3-2. Validation of the two-stage pyrolysis/gasification reaction system
1 2 3 STDV* RSTDV** 1 2 3 STDV* RSTDV** 1 2 STDV* RSTDV** 1 2 3 STDV* RSTDV**
64.0 67.4 67.0 1.5 2.29% 69.7 68.7 70.0 0.6 0.80% 68.9 69.3 0.2 0.29% 67.5 70.0 70.1 1.2 1.74%16.4 15.3 17.2 0.8 4.78% 32.0 33.7 34.6 1.1 3.22% 24.1 34.7 5.3 18.03% 37.1 43.5 42.2 2.8 6.75%50.1 47.9 53.0 2.1 4.15% 95.5 95.4 91.9 1.7 1.78% 81.7 92.5 5.4 6.20% 101.1 100.8 100.0 0.5 0.46%25.6 26.4 26.9 0.5 2.04% 27.2 28.3 23.9 1.9 7.06% 29.7 18.1 5.8 24.27% 16.7 18.1 17.8 0.6 3.43%8.4 18.5 12.3 4.2 31.83% 23.2 21.9 26.9 2.1 8.83% 21.3 31.6 5.1 19.47% 39.4 37.0 41.7 1.9 4.85%36.8 29.1 27.8 4.0 12.72% 21.8 22.7 16.5 2.7 13.45% 15.1 20 2.5 13.96% 21.1 25.0 23.2 1.6 7.02%14.7 14.1 18.8 2.1 13.16% 17.7 17.4 20.8 1.5 8.25% 22.8 18.2 2.3 11.22% 12.2 11.1 10.0 0.9 8.05%14.5 12.0 14.2 1.1 8.22% 10.1 9.7 11.8 0.9 8.64% 11.1 12.0 0.5 3.90% 10.6 8.8 7.4 1.3 15.02%
*STDV: standard deviation ; **RSTDV: relative standard deviation
1 O 2 concentration was 0 vol.% for all the experiments
H2 (vol.%)CO2 (vol.%)CH4 (vol.%)C2-C4 (vol.%)
Mass BalanceRDF conversion rate (wt%)Gas yield (wt%)Mass Balance (%)
Gas Composition (N 2 free basis) 1CO (vol.%)
Carrier gas flowrate (ml min -1) 80 80 80 80H2O flow rate (ml h -1) — — 5 5
Pyrolysis temperature (ºC) 500 600 600 600Gasification temperature ( ºC) 800 800 800 800
Sand bed 5wt.% Ni/ α-Al 2O 3
General ConditionsRDF sample weight (g) 1 1 1 1
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From Table 3.3-2, it is shown that the experiments are repeatable. The influenceof the time collecting gases over the Mass Balance and products yields ispresented in Table 3.3-3.
Table 3.3-3. Influence of the gas collection time in general Mass Balance
From Table 3.3-3, it was observed no effect over the RDF or gas yield bychanging the gas collection time, but the Mass Balance was considerableimproved by increasing the time from 10 to 20 minutes. Blank experiments tocalculate the error per cent for water injection and water collection in thecondensers (cooling system), were also carried out, the results are presented inTable 3.3-4.
Table 3.3-4. Blank experiments for water yield calculation
From Table 3.3-4., it is observed a difference between the total water injectedand the water collected in the condensers of less than 10wt.%; this differencewas attributed to operational error and system configuration, and was alsoconsidered for further calculations regarding the liquid fraction yield.Throughout the whole research programme the experiments were repeated inorder to ensure the reliability and accuracy of the research data.
Time collecting gases (min) 40.0 40.0 66.0 66.0RDF sample weight (g) 1.0 1.0 1.0 1.0Pyrolysis temperature ( 0C) 600.0 600.0 600.0 600.0Gasification temperature ( 0C) 800.0 800.0 800.0 800.0H2O flow rate (ml min-1) 0.0 0.0 0.0 0.0RDF conversion rate (wt%) 69.2 69.3 69.7 68.7Gas Yield (wt%) 32.2 30.0 32.0 33.7Mass Balance 83.0 79.4 95.5 94.5
General Conditions
Products Yield
Experiment time (min) 30.0 30.0Pyrolysis temperature ( 0C) 600.0 600.0Gasification temperature ( 0C) 800.0 800.0Water injected (g) 2.9 4.1Water condensed (g) 2.5 3.7Weight difference (g) 0.4 0.4
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3.3.2.1 Experimental Procedure
Considering the results from the blank experiments, the following generalconditions were maintained constant through all the experiments carried out inthis research project. Approximately 2 grams of RDF were placed in a stainlesssteel sample container and placed within the first pyrolysis stage (Figure 3.3-1);a bed of catalyst (or sand) was placed within the second gasification stage,maintaining the catalyst/RDF ratio constant at 0.5g g-1 for all the experiments[17]. The experiment was started by heating up the gasification stage up to 800
ºC to promote catalyst activation; at the same time the pyrolysis temperaturewas increased avoiding reach the RDF decomposition temperature, previouslyidentified at around 230 ºC. Once both temperatures were stable, steam/waterwas introduced from the top of the reactor using a water syringe pump with aflow rate of 5ml min-1; at the same time the pyrolysis temperature wasincreased up to 600 ºC with 30 ºC min-1 heating rate. When both pyrolysis andgasification temperatures reached 600 ºC and 800 ºC respectively, theoperational conditions were maintained constant for about 30 minutes (holdtime). The final amount of water supplied was calculated from the weightdifference between the initial and final syringe weight, which resulted in steamto RDF ratios of about 1.75:1.0. The pyrolysis gases were conducted through thesecond gasification stage with the aid of nitrogen as carrier gas continuouslysupplied with a flow rate of 80 ml min-1. The product gases exit from the bottomof the reactor, and were passed through a cooling system consisting of twocondensers cooled by air and dry-ice respectively; a condensed fractioncontaining water and tar/oil was collected in the condensers. The non-condensed gases were collected in a 10L TedlarTM gas sample bag, and for about20 more minutes after the residence time passed to ensure most of theproduced gases were collected. All the assembled and main parts of the reactionsystem are shown in Figure 3.3-2.
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Figure 3.3-2. Assembled and main parts of the pyrolysis/gasification reactor.
3.4 Characterisation of materials and productsDifferent products were obtained from the experiments including solid, liquidand gaseous fractions. All these products were correlated at some extent, andgave different information about the general yield of the process and efficiencyof the products and raw materials used. For this reason all these fractions weresubjected to different analysis procedures described below.
3.4.1 Analysis of produced gases (GC)
The gases collected in the gas sample bag were analysed by gas chromatography(GC). The aim of using this analytical technique is to obtain qualitative andquantitative information about the gas composition. To carry out this analysis,in general the sample is injected into the chromatograph through an injectionport. A carrier gas chemically inert (helium, nitrogen, argon) was used totransport the sample through the oven and then through an analytical columnpacked with a mesh of specific characteristics. Finally the sample reached thedetection system which was either a flame ionization (FID), or thermalconductivity detector (TCD). The main components of a gas chromatographincluding a sample injection system, oven, column, thermostat, detector, datainterpretation system, and a flow meter; are shown on Figure 3.4-1 [18].
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Figure 3.4-1. GC general layout and gas chromatograph equipment
3.4.1.1 Permanent Gas Chromatography (GC) Analysis
Permanent gases including hydrogen (H2), oxygen (O2), carbon monoxide (CO),and nitrogen (N2); were analysed using a Varian CP-3380 GC equipped with athermal conductivity detector (GC/TCD). The GC was equipped with a column of2m length by 2mm of diameter, packed with 60-80 molecular sieve; using argonas carrier gas. Carbon dioxide (CO2) was analysed by another Varian CP-3380(GC/TCD), a column with 2m length by 2mm diameter was packed with a Hysep80-100 molecular mesh, and argon was also used as carrier gas. The GC oventemperature was isothermally held at 30 ºC; the injector and detectortemperatures were set at 120 ºC, and the filament temperature at 160 ºC.
3.4.1.2 Hydrocarbons Gas Chromatography (GC) Analysis
For the analysis of hydrocarbons C1-C4, a Varian CP-3380 gas chromatographequipped with a flame ionisation detector (GC/FID) was used. This GC includeda stainless steel column of 2m long by 2mm diameter packed with a Hysep 80-100mesh; nitrogen was used as carrier gas. The oven temperature was set at 60
ºC for 3 minutes, then the temperature was increased up to 100 ºC with 5 ºCmin-1 heating rate and held for 3 more minutes; finally the temperature wasramped up to 120 ºC with 20 ºC min-1 heating rate and held for 17 minutes.
3.4.1.3 Calibration of Gas Chromatograph instruments
To ensure the values obtained from the GC equipment were accurate, differentstandard gas mixtures were used. These gases were used to create calibrationcurves, used as reference for further calculations related with the concentration
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of each gas. For the permanent gases, a standard gas containing 1vol.% of eachof the following gases H2, O2, CO, CO2, and 96vol.% of N2, provided by Supelcowas used. Whereas for hydrocarbons the calibration curve was created usingtwo different standard gas mixtures for alkanes and alkenes, both balanced withnitrogen. Standard alkane mixture included 1vol.% CH4, 1vol.% C2H6, 1vol.%C3H8, and 1vol.% of C4H10; and alkene hydrocarbons gas mixture contained1vol.% C2H4, 1vol.% C3H6, 2vol.% 1-3C4H8.
During the calibration, 1ml of each standard was injected into the equipment.The voltage signal obtained for each compound was fed into a digital integrator,which in turn gave a response factor for each compound. A typicalchromatogram containing different peaks for permanent and hydrocarbongases in the gas mixture, expressed as voltage against time is shown on Figure3.4-2. The obtained sepcode values were later used to calculate a responsefactor for each gas.
Figure 3.4-2. GC response peaks for a standard gas mixture of permanent gases(H2, O2, N2, CO)
Similar chromatograms were obtained for the hydrocarbons standard gasmixtures. The resulting reference peaks for alkanes and alkenes are shown inFigure 3.4-3.
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Figure 3.4-3. GC response peaks: standard gas mixture of hydrocarbons (C1-C4)
3.4.1.4 Calculation of gas concentration
The response factor values were later used to do a calculation in volume percent of each analytical gas present in the produced gas, using the followingequation:
ܴܨ = ܲ݁ܽ ݇ܣ݁ݎ ܽ
ܵܽݐ ݊݀ ܽ݀ݎ ܥ݋݊ ܿ݁ ݊ݐܽݎ ݅ݐ݋݊ Equation 3.4-1
Where RF is defined as the response factor (Volts per unit time per vol.%); peak
area and Standard Concentration correspond to values from the standard gas.Then the volume per cent of each gas can be calculated by using the followingequation:
ܸݔ ݋݈ . % = ܲ݁ܽ ݇ܣ݁ݎ ௫ܽ
ܴܨ Equation 3.4-2
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Where x is defined as the gas whose value will be calculated, and RF is theresponse factor from the standard gases. Once the vol.% for each gas wasobtained, the mass of each gas can be calculated using the ideal gas lawequation:
݊= ܸܲ
ܴܶ Equation 3.4-3
Where n is the mole number (mol); V is the volume previously obtained (m3); Pand T are pressure and temperature respectively (Pa, K), and R is a constantvalue (8.31441 J K-1 mol-1) [19].
3.4.1.5 Reproducibility of gas analysis
Values of the concentration of permanent gases and hydrocarbon gases wereobtained in vol.% (Equation 3.4-2). These values were then used to calculate themass of an individual component, according to the ideal gas law (Equation3.4-3). These values were processed into an Excel spread sheet designed tocompare and analyse mass and volume concentrations of gaseous products.Analysis of permanent gases and hydrocarbons were repeated in order toensure data reliability and consistency. An example of the values obtained andhow they were collated is presented in Table 3.4-1.
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Table 3.4-1. Concentration of permanent gases and hydrocarbons from standard values
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From Table 3.4-1, it was observed that the relative standard deviation (R_STDV),reported for all the data is lower than 2% which is an acceptable value. Themore precise data yield the smaller relative standard deviation.
As nitrogen was used as the carrier gas during the experiments, it was assumedthe nitrogen flow rate was constant and as observed on Table 3.4-1, thestandard nitrogen concentration was higher than 95 vol.%. Also from the idealgas law equation (Equation 3.4-3), it was assumed that one mole of gas occupies22.4 L at standard conditions of pressure and temperature. From this, the molesof each gas where calculated using the following expression:
ܺ௜= ܸ݋݈ . %௜ܸ݋݈ . %ேమ × ே݊మ Equation 3.4-4
Where i, represents the gas (different from nitrogen), whose concentrationneeds to be determined. The other two values (Vol.%N2, and nN2) correspond tothe volume in per cent and the mole number (Equation 3.4-3) of nitrogen,obtained from experimental and calculated values respectively. To determinethe total volume of nitrogen supplied, experimental data from the timecollecting the produced gases was included in the spread sheet.
The general gas yield might be calculated considering the total produced massof the gas (g) divided by the weight of the sample used (g) using the followingexpression:
௚ܺ௔௦ = ෍ ܺ௜௡
௜ୀଵ
Equation 3.4-5
Where Xi refers to the calculated weight of each compound of the gas (g),including permanent gases and hydrocarbons (Table 3.4-1), and Xgas is the totalgas weight in grams. This value will be later used to calculate the total gas yieldas follows:
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௚ܻ௔௦ = ௚ܺ௔௦ܺோ஽ி Equation 3.4-6
Where Ygas is the gas yield (g/g), Xgas is the total weight of the gas produced (g),and XRDF is the initial sample weight, RDF in this case (g).
3.4.2 Characterization of catalysts (fresh/reacted)
Fresh catalysts were characterised using different analytical techniques toobtain information about their properties. Some of the techniques were alsoused to characterise reacted catalysts and compare some properties before andafter the pyrolysis/gasification process. The analytical techniques used in thisresearch work are described below.
3.4.2.1 Determination of surface area by Brunauer-Emmet-Teller (BET)
method
Fresh catalysts were analysed to determine their surface area and porousproperties via nitrogen adsorption at liquid gas temperature, which is one of themost widely used methods. However the surface area might be also determinedusing other techniques such as adsorption from solutions and by heat ofadsorption [20].
The BET method has been mainly used to analyse ultra-fine powders andporous materials. The general Brunauer-Emmet-Teller linear equation used forthe determination of surface area is as follows [21, 22]:
1
ܸ(ܲ଴ൗܲ − 1) = 1௠ܸ ܥ+ (ܥ− 1)௠ܸ ܥ ൬ܲܲ଴൰ Equation 3.4-7
Where V is the amount of gas adsorbed at the determined P/P0 pressure; P0refers to the saturation pressure, Vm is the monolayer capacity, and C is anempirical constant. Thereby a linear trend can be constructed using point-by-point adsorption data from the multipoint analysis. The amount of gas adsorbed
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is related with the interactions between the gas and the solid, the temperature,and the controlled relative pressure as P/P0.
The surface area analysis was carried out using a Quantrachrome NOVA 2200eseries apparatus (Figure 3.4-4). Prior to the analysis about 90 mg of eachcatalyst were degassed for 2 hours at 120 ºC under a nitrogen atmosphere, inorder to remove all previously physisorbed material from the adsorbent surface[21]. Adsorption and desorption isotherms were later obtained using themultipoint data of gas adsorbed or desorbed at different relative pressure.
Figure 3.4-4. BET surface area and pore size analyser: Quantrachrome NOVA2200e
The surface area values obtained of some of the catalysts investigated in thiswork are presented on Table 3.4-2.









area (m2g-1)5.0 595.4010.0 836.9020.0 756.4040.0 481.56Mg-Ni/SiO2 20.0 554.402.5 208.505.0 313.70






As shown in Table 3.4-2, surface areas greater than 800 m2g-1 were attained forthe Ni/SiO2 catalyst prepared by a sol-gel method, using a metal loading of10wt.%. It was also noted that the surface area values were highly influenced byfactors such as calcination temperature, metal, loading, and synthesis method.This will be discussed in depth later in this research.
3.4.2.2 Determination of micropore volume by Dubinin-Radushkevich
(DR) method
Additional information might be obtained from the adsorption-desorptionanalysis, using different calculation methods. The Dubinin-Radushkevich (DR)method, relates the temperature, relative pressure and energy with theadsorbed amount of gas per unit of micropore volume, allowing the calculationof micropore volumes, based on Equation 3.4-8 [23, 24]:
ܹ ܹ ଴ = ݁ݔ݌[−(ܴܶ ݈݊ (ݔ)/ܧ)ଶ]⁄ Equation 3.4-8
Where x=P/P0, E is the characteristic energy for a given system, W is the amountof gas adsorbed, R is the Universal gas constant, and T the temperature (inKelvin). The values of the adsorbed volume (Vads; cm3 STP g-1) can be furtherplotted against the {log(P/P0)}2. This relationship gives a straight line fromwhich the extrapolation of the ‘y intercept’ represents the log(V0); using thisvalue the volume of gas adsorbed can be obtained. A typical plot is presented inFigure 3.4-5.
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Figure 3.4-5. Diagram used for micropore and mesopore volumes determination
From Figure 3.4-5 the ‘y intercept’ is used to calculate the micropore volume(Vmicro). The amount of gas adsorbed at relative pressures closer to unitycorresponds to the total amount adsorbed for both micropores (generally filledat low relative pressures), and mesopores (generally filled at relative pressuresabove 0.2). Therefore the mesopore volume value can be calculated bysubtracting the micropore volume (calculated from DR equation) from the totalamount of gas adsorbed at the relative pressure P/P0=0.95 (Equation 3.4-9).
௠ܸ ௘௦௢௣ = ଴ܸ.ଽହ− ௠ܸ ௜௖௥௢௣ Equation 3.4-9
3.4.2.3 Barrett, Joyner & Halenda (BJH) method for total pore volume and
pore diameter determination


































Where rC=r-t(P), r is the pore’s radius, VL is the molar volume (liquid), γ is thesurface tension and P0 is the vapour pressure. In the original BJH formulation itwas considered the C value of core radius as a constant value [26].
3.4.2.4 Pore size distribution by Density Functional Theory (DFT)
The density functional theory it is based on a regularization method and isbased on a molecular model of nitrogen adsorption in porous solids [27]. Theuse of the DFT method is useful to characterize adsorbents according to theirporous structure and surface properties, from experimental adsorptionisotherms [28]. Some of the Ni/SiO2 catalysts prepared within this work wereexpected to present a broad pore size distribution, thus this method was usefulto compare the pore size for different synthesised catalysts. The calculation wascarried out using Quantachrome NovaWin software. The pore size distributionwas obtained plotting values of the pore size (nm), against dV/dR (cm3/g-nm).This theory has been successfully used for the characterisation of differentnanoporous materials, when compared with other methods, and a detaileddescription of the theory may be found elsewhere as the theoreticaldevelopment is beyond the scope of this work [29, 30].
3.4.2.5 X-ray Diffraction (XRD)
XRD analyses were carried out in order to identify crystalline phases and themain chemical compounds in the fresh prepared catalysts. A Bruker D-8diffractometer was used to record the XRD patterns of the samples, using a Cu-
Kα X-ray source with a Vantec position sensitive detector. Corundum was used as external standard (Figure 3.4-6).
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Figure 3.4-6. X-ray Bruker D-8 for diffraction analysis
Diffraction patterns of a crystal lattice generate different reflections occurring atan angular position (2θ), and at an angular wavelength (λ) according to Bragg’slaw [31]. Diffraction patterns give structural information about the sample, forexample the angular position is related with the shape and size of the crystal,whereas the intensity of the pattern is related to the lattice symmetry andelectron density [32]. The crystallite size of some samples was also determinedaccording to Scherrer’s method, from the broadening of the line [33]. About 2grams of the sample were placed in an inert sample holder and placed in 63mmsupport plane. Analysis conditions such as time were set up according to thecatalyst to be analysed. The data was recorded using DIFFRACplus software. As aresult a XRD spectrum containing the different diffraction pattern was obtainedas observed in Figure 3.4-7.
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Figure 3.4-7. XRD patterns of Ni-based fresh catalyst, using DIFFRACplussoftware.
3.4.2.6 Temperature programmed oxidation (TGA-TPO)
Reacted catalysts from the pyrolysis-gasification of RDF were analysed using athermogravimetric method known as temperature programmed oxidation(TGA-TPO). This analytical technique is useful for the analysis of coked andreacted catalysts, based in the TGA analysis previously described for the RDFcharacterisation (Section 3.2.1.2). A thermogravimetric analyser Schimadzu,Stanton Redcroft 280 was used. About 20 mg of the reacted catalyst were placedin a crucible and heated up to 800 ºC at a 15 ºC min-1 heating rate, using air with50 ml min-1 flow rate, and dwell time of 10 minutes. Changes in the catalystweight represented the combustion of coke deposited over the catalyst surface.The variations in weight were detected by the microbalance and recorded bythe computer system. Both the thermogravimetric curve (TGA-TPO) and thedifferential thermogravimetry (DTG-TPO) were obtained. Three main stagescould be identified from the TPO analysis: around 100 ºC water vaporization,around 350 ºC occurs the Ni or metal oxidation, and above 400 ºC might beidentified carbon combustion depending on the sample analysed. From Figure3.4-8 some of these main stages can be identified for a specific 40wt.% Ni/SiO2catalyst prepared by an impregnation method.
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Figure 3.4-8. Thermogravimetric analysis (TPO) of 40wt.% Ni/SiO2 reactedcatalyst
From Figure 3.4-8, the initial mass decrease around 100 ºC might be attributedto vaporisation of moisture contained in the catalyst [34]. At around 300 ºC themass gain is likely to be related with the oxidation of metal (in this case nickel)particles, and the final stage is generally associated with the combustion ofcarbon deposition of the catalyst [8].
3.4.2.7 Scanning Electron Microscopy (SEM) and Transmission Electron
Microscopy (TEM)
Two different microscopic techniques were used to characterise and examinethe surface of the fresh and reacted catalysts. In addition, since coke formationon the catalyst and indeed the type of carbon deposited influences catalystdeactivation, the analysis of catalyst coke indicates catalyst efficiency. Theimages of morphologies before and after reaction, together with informationobtained from other characterisation techniques, was correlated in order tohave a better understanding of the catalysts structure and properties.
The main component of a scanning electron microscope (SEM) is the electroncolumn, which consists of an electron gun and at least two electron lenses.Additionally there is a control console consisting of a cathode ray tube (CRT),screen, and computer system that allows the control of the electron beam.These main components are shown in Figure 3.4-9. An energy filter might bealso used, allowing the electron beam to be dispersed according to the electron
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energy. Electrons can pass through a diaphragm to form the final image. Themain components of an energy filter are shown in Figure 3.4-9 [35].
Figure 3.4-9. Main components of an electron column (a) and energy filterdiagram (b)
A high resolution scanning electron microscope (LEO 1530), coupled to anenergy dispersive X-ray spectrometer (EDXS) was used to carry out SEM-EDXS
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analysis. In order to observe the surface of the catalyst, it was necessary toapply a metallic coating to the sample, in this way the charge dissipation wasimproved [36]; therefore the coating was carried out with Pt/Pl to produce a 5.0nm layer thickness. An example of a SEM-EDXS result is presented in Figure3.4-10.
Figure 3.4-10. SEM-EDXS results of 10wt.% Ni/SiO2 fresh catalyst
Certain features including the electron gun, vacuum system and condenserlenses are the same for both the scanning and transmission microscopes.However a screen with a layer of electron-fluorescent material, and a cameraworking under vacuum are used for the latter. Also the ways in which theimages are produced and magnified are entirely different for both devices [37].The transmission microscope’s column is located vertically and the electronstravel down through a fine tube of about 1mm in diameter. The column is alsoequipped with two condenser lenses, and four or five projector lenses tomagnify the image [38].
Selected samples were prepared by dispersing in ethanol, a Pasteur pipette wasused to place drop of the sample over a tiny copper grid. The sample was latercarefully introduced into the microscope to be analysed. The transmissionelectron microscope used was a TEM, Phillips CM200. High magnification
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micrographs were obtained for different fresh and reacted catalysts. Examplesof TEM micrographs are shown in Figure 3.4-11.
Figure 3.4-11. Micrograph images of fresh 10wt.% Ni/SiO2 catalyst, obtained byTEM analysis
3.4.2.8 Infrared Spectrometry (FTIR)
Fourier Transform Infrared Spectrometry (FTIR), is a technique used to obtaininformation about the different functional groups present in liquid and solidsamples. The basic components of a FTIR spectrometer are presented in Figure3.4-12 [39].
Figure 3.4-12. Basic FTIR spectrometer components
An IR spectrum including the wave number (cm-1) against intensity (%transmittance or absorbance), can be obtained as both parameters areinconvertible by using the mathematical method of Fourier-transformation. OnFigure 3.4-13 an example of the spectrum from the analysis of a tar/oil sampleobtained from the pyrolysis-gasification of RDF is shown. Different functionalgroups might be identified from the band location and intensity.
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Figure 3.4-13. FTIR spectrum of tar/oil from pyrolysis-gasification of RDF usingno catalyst bed or steam
The FTIR analysis was performed using a Thermo Nicolet Corporation iS10(Thermo Scientific). The FTIR spectrum was generally recorded within theregion comprised from 4000 to 650cm-1. The sample plate was carefully cleaned
in situ using acetone before each analysis. Different methodologies wereundertaken for sample preparation accordingly (see Section 3.4.3).
3.4.3 Analysis of liquid fraction (tar/oil/H2O)
The condensed fraction from the pyrolysis-gasification of RDF was collected atthe bottom of the cooling system, consisting of two different condensers. Oncethe experiment was finished, two different procedures were used for the liquidfraction collection. The first one included the use of dichloromethane (DCM) asorganic solvent. As a result a heterogeneous mixture was obtained containing awater fraction and an oil/tar-DCM fraction. Both fractions were separated andthe oil/tar-DCM fraction was further subjected to centrifugation. The resultingfraction was subjected to GC-MS analysis to determine PAH and oxygenatedcompounds contained in the oil/tar fraction. The second technique for liquidfraction collection included the use of DCM and ethanol absolute (HPLC grade)for the samples collection; as a result a homogeneous liquid sample wasobtained. The resulting sample was studied to determine its water content, andthen was further prepared to identify and quantify the different aromatic andoxygenated compounds in the liquid fraction by GC-MS.
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Details about the sample preparation and specific objectives of using each of theabove described techniques are given below.
3.4.3.1 Sample preparation: centrifugation for DCM evaporation
The heterogeneous fraction was physically separated by decantation. Thetar/oil-DCM fraction was passed through a bed of sodium sulphate (Na2SO4),previously dried for 2 hours at 140 ºC to remove any moisture content. TheDCM was later evaporated by using a Genevac Rocket evaporation system at 30
ºC, to obtain a final fraction containing tar/oil. The weight was registered andthe samples were further analysed by GC-MS technique.
3.4.3.2 Karl-Fischer Titration
The condensed fraction was collected using different volumes of ethanol(absolute grade), and dichloromethane (DCM, analytical reagent grade, FischerScientific), using a ratio of EtOH:DCM of 2:1 v/v. As a result, a homogenoussolution containing ethanol, DCM, tar/oils, and water was obtained. Thevolumes of DCM and ethanol were registered together with the weight of thetar/oil-H2O fraction collected. The sample was subjected to a titration analysiswith the aim to determine the water content. The water determination in thetar/oil samples is a very important characteristic, as it influences the calorificvalue and viscosity of the oil [40]. It is also is useful to determine the amount ofwater reacted and condensed during the pyrolysis/gasification process. Tocarry out the water determination in the liquid samples, a device known as Karl-Fisher titration (KFT) was used. The principle of KFT is based on a redoxreaction where water is consumed and sulphur dioxide is oxidized by iodine. Anorganic base is used together with anhydrous methanol as solvent, following thereaction: SO2+I2+2H2O⇄H2SO4+2HI [40].
For the determination, an empty syringe was weighed, then about 0.1ml of thesample was taken, and the syringe was weighed. The sample was injected into aflask containing a pair of platinum electrodes immersed into the titrationsolution, and the syringe was weighed again. The weight difference was
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recorded by the instrument software. A stirrer was used to homogenise thesolution during the titration, changes in the current are registered using theplatinum electrodes. After the sample titration, the excess of iodine solutionused is determined by an electrometric end-point detector.
The KF was calibrated by titrating a standard solution containing a mixture ofmethanol and water with a 3:1 mass ratio. Different measurements werecarried out, and a calibration curve was obtained according to the least squaresmethod [18]. The volumetric titrations were carried out using a KF Titrando890 Metrohm (Switzerland). The titrating agent medium used was a Hydranal®-composite 5K one-component solution, and the working medium was aHydranal®-ketosolver (Figure 3.4-14). The end point of the titration (+100mV)was detected with a double platinum electrode (type Pt1400).
Figure 3.4-14. Karl-Fischer Metrohm Titration equipment for moisturedetermination in liquid samples
The sequential steps followed for the water and tar determination, according tothe methodology described above, is shown in Figure 3.4-15.
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Figure 3.4-15. Sequential steps for water and tar determination in condensedfraction
3.4.3.3 Gas Chromatography/Mass Spectrometry (GC-MS)
The tar/oil fraction mixed with DCM, obtained by any of the two methodsdescribed, were analysed using a gas chromatograph coupled to a massspectrometer (GC-MS). This device combines the benefits of the high resolutionseparation components from the GC with the very selective and sensitivedetection of the MS [41]. The Mass Spectrometer measures the relation of massand charge ratio (m/z) from the produced ions of the sample. The interactionbetween the GC and the MS takes place through an inlet system (interface) thatmust provide an adequate pressure drop from atmospheric pressure (vapoursample from GC) to low pressure (10-5 to 10-8 torr) by using a vacuum system[18, 42]. A schematic diagram of a typical GC-MS apparatus is presented inFigure 3.4-16.
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Figure 3.4-16. General diagram of a typical GC-MS system
The GC-MS analyses were carried out using a Varian CP-3800 gaschromatograph, coupled to a Varian Saturn 2200 GC/MS/MS mass spectrometer.An aliquot of 2µL of the tar/oil sample dissolved into DCM, was injected into theGC injection port at a temperature of 290 ºC. The oven programme temperaturewas 40 ºC for 2 minutes, and then the temperature was ramped to 280 ºC at 5 ºCmin-1 heating rate, and held for 10 minutes. The transfer line temperature wasmaintained at 280 ºC, the manifold was 120 ºC and the ion trap temperaturewas held at 200 ºC. A PAH (polyaromatic hydrocarbon) standard solution,containing mixtures of different aromatic and oxygenated compounds; wascreated based on the most common compounds reported in the literature fortar/oil samples from the thermal processing of different solid wastes [43, 44].About 0.1000±0.0002 g of each aromatic or oxygenated compound was weighedand further dissolved into 10 ml of dichloromethane (DCM, Fischer Scientific). Asolution with 1x104 ppm of concentration was obtained for each compound,then 1mL of this solution was further dissolved into 100mL of DCM to get a finalsolution with a concentration of 100 ppm. Parallel dilutions were carried outusing the general expression for dilution (Equation 3.4-11) to calculate theamount of stock solution required to obtain solutions with concentrations of 20ppm, 40 ppm, 80 ppm and 100 ppm.















Where C1 is the original concentration of the solution, C2 is the finalconcentration of the solution; V1 is the unknown volume required to get thefinal concentration (C2); and V2 is the volume that will be prepared or finalvolume. The sequential steps followed for the preparation of standard solutionis presented on Figure 3.4-17.
Figure 3.4-17. Methodology followed for the preparation of the PAH andoxygenated standard solution
In Figure 3.4-17, X refers to the different compounds used to prepare standardsolutions. In the following Table 3.4-3, are listed the polyaromatic andoxygenated compounds used to calibrate the GC-MS apparatus.
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Table 3.4-3. Compounds used for the standard solution (PAH and oxygenatedcompounds) for GC-MS calibration
RT Response Factor1 Cyclopentanone 6.11 595.32 Furfural 7.35 658.33 Ethylbenzene 8.11 692.04 p -Xylene 8.57 1033.15 m -Xylene 8.53 1230.26 Styrene 9.34 1482.77 o -Xylene 9.39 788.18 Anisole 10.15 2097.39 Pyran 11.66 658.310 Phenol 12.59 954.011 Alphametylstyrene 12.47 1747.612 Betamethylstyrene 13.10 1699.213 s -Limonene 14.16 485.214 Indane 14.25 2665.615 Indene 14.59 2982.216 o -Cresol 14.93 1453.517 Acetophenone 15.35 1153.418 p -Cresol 15.81 3189.219 m -Cresol 15.83 2860.620 2-Methoxyphenol (guaiacol) 16.04 1677.421 2-Methylbenzofuran/2,5-Dimethylanisole 16.78 3752.722 1,2,3,4-Tetramethylbenzene 17.03 2649.123 3,5-Dimethylanisole 17.15 2036.224 2,3-Dimethylanisole 17.51 1512.925 2-Ethylphenol 17.57 440.526 3,4-Dimethylanisole 17.95 2074.627 2,4-Dimethylphenol 17.94 1260.728 3-Ethylphenol/4-Ethylphenol 18.60 1207.629 2,6-Dimethylphenol 18.66 833.530 Naphthalene 19.11 3136.431 1,2-Benzenediol (Catechol) 19.26 1702.632 2-Isopropylphenol 19.78 468.533 2,3,5-Trimethylphenol 19.75 1868.234 4-Isopropylphenol 20.35 785.035 2-Methylnaphthalene 22.47 2846.736 1-Methylnaphthalene 23.00 2846.737 Biphenyl 24.48 2614.138 2-Ethylnaphthalene 24.77 631.639 1-Ethylnaphthalene 24.77 295.640 2,6-Dimethylnaphthalene 25.03 2267.341 1,4-Dimethylnaphthalene 25.65 2471.742 Dibenzofuran 27.07 1184.143 2,2-Diphenylpropane/4-Phenyphenol 27.32 4440.244 Fluorene 27.95 3252.945 1,3-Diphenylpropane 28.89 2305.146 2-Phenylphenol 29.62 5001.347 Phenanthrene 30.49 3005.548 1-Phenylnaphthalene 31.29 1591.649 o -Terphenyl 31.58 2252.750 Fluoranthene 33.42 2115.351 Pyrene 33.94 7822.152 m -Terphenyl 34.21 3285.053 1,3,5-Triphenylbenzene 41.15 3734.7
Compound
- 116 -
The corresponding calibration curves were created for each compound byinjecting 2µL of each concentration (20ppm, 40ppm, 80ppm, 100ppm) into theGC-MS equipment. Examples of some calibration curves obtained for phenol, p-cresol, dibenzofuran, ethylbenzene, indane, naphthalene, and fluorene arepresented in Figure 3.4-18.
Figure 3.4-18. Calibration curves at different concentration for someoxygenated and PAH compounds in the GC-MS equipment
- 117 -
3.4.3.4 Size Exclusion Chromatography (SEC) and FTIR
Size exclusion chromatography is also referred as gel-permeationchromatography; this analytical technique was used to analyse tar samples andto obtain information about the molecular distribution.
SEC differs from the HPLC technique as largest molecules elute first during theanalysis. The SEC equipment used was a Perkin-Elmer Modular, Series 225,equipped with a 5µm SEC column from Polymer laboratories. The equipmentwas calibrated with polystyrene samples with broad molecular weight rangefrom 800-860000; also single ring and PAH standard samples of low molecularmass were used for calibration.
The samples were prepared by dissolving a small amount of oil/tar intetrahydrofuran (THF), with an approximate concentration of 0.2vol.%. THFwas used as mobile phase during the analysis, and the detector used was aPerkin-Elmer 200a refractive index detector. The analytical set-up wasconnected to an analytical recorder and a computer with processing datasoftware to obtain information on the molecular mass distribution of the tar/oilsamples. The results obtained from the SEC analysis were plotted in a graph ofintensity against molecular weight. An example from the SEC analysis of thetar/oil from the pyrolysis of RDF is presented in Figure 3.4-19.
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Figure 3.4-19. Size exclusion chromatogram of tar/oil samples
Additionally FTIR analyses were carried out to tar/oil samples with the aim todetermine functional groups present in the samples. The FTIR analysis wascarried out as described in Section 3.4.2.8.
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CHAPTER 4. EFFECTS OF
OPERATIONAL PARAMETERS ON GAS
AND LIQUID YIELDS AND COMPOSITION
4.1 Effects of bed type and gasification temperature, on gas and
liquid products during pyrolysis-gasification of RDFA series of experiments were carried out in the two-stage pyrolysis-gasificationcatalytic reaction system described in Chapter 3, Section 3.3. Refuse derived fuel(RDF) was used as raw material and also nickel-based catalysts were testedduring the gasification stage in order to promote catalytic steam reformingreactions. The high calorific value of RDF make it suitable to be used forpyrolysis-gasification, and furthermore to be a candidate for the generation of ahydrogen-rich syngas. This section will address the selection, characterisationand activity of nickel-based catalysts when used for the production of ahydrogen-rich syngas. Some of the catalysts were also tested according to theirability to reduce tar formation during the process, through the analysis of thecondensed fraction.
4.1.1 Ni/Al2O3 catalysts
Initially two Ni/Al2O3 catalysts were prepared according to the impregnationmethod described in Chapter 3 Section 3.2.2. The metal loading was varied suchthat the final metal loading of the catalysts contained 5 and 10wt.% of nickelloading respectively. The activity of these catalysts and the influence of thenickel loading were measured in terms of their influence on the tar and syngascompositions. The results were compared with experiments carried out using abed of sand (silica based material) with and without water steam. The effect ofthe gasification temperature was also measured for the experiments carried outusing the bed of sand and steam.
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4.1.2 Gas composition and Mass Balance
The yield of each fraction (solid, liquid and gas) was calculated considering theinlet products and the resulting fractions. The following expression wasdeveloped considering the fractions involved during the experiments:
ܯ ܽݏݏܤ݈ܽ ܽ݊ ܿ݁ = ݃ ܽݏ+ ݋݅ ݈+ ℎܿ ܽݎ(݁ݎ ݅ݏ݀ݑ )݁ + ݋݈ݏݐݓ ܽ݁ݐ ݎ
ܽݏ ݉ ݌݈ ݁+ ݓ ܽ݁ݐ ݎ(ݓݐ. %) Equation 4.1-1
The conversion rate of the raw material (RDF) was calculated considering theinitial and the final weight, using the following expression:
ܥ݋݊ ݁ݒ ݎ݅ݏ ݋݊ ܽݎ ݁ݐ ோ஽ி = 100− ݁ݎ ݅ݏ݀ݑ (݁ݓݐ. %) Equation 4.1-2
For most of the experiments, the conversion rate was around 70wt.%, whichmeans that just about 30% of the raw material remained as solid residue in theform of char. The composition of the gases was measured and calculatedaccording to the methodology described in Chapter 3, Section 3.4.1.4. Theresults regarding the product yield, gas composition and mass balance arepresented in Table 4.1-1.
Table 4.1-1. Results of pyrolysis-gasification of RDF in terms of product yieldand gas composition using different bed materials
Catalyst Bed Sand Bed Ni/α-Al2O3No steam Steam 5wt% 10wt%
Temperature 800°C 600°C 700°C 800°C 800°C 800°CWater flow rate(g h-1) 0.00 5.00 5.00 5.00 5.00 5.00
Gas composition (vol. %)CO 27.09 20.90 21.00 18.15 16.70 17.00H2 18.70 21.70 20.10 31.61 39.42 45.54CO2 20.58 27.20 19.50 20.04 21.06 23.81CH4 20.58 12.60 15.80 18.23 12.19 7.52C2-C4 11.01 17.50 23.50 11.98 10.64 6.13H2/CO ratio 0.69 1.04 0.96 1.74 2.36 2.68
Products Yield (wt.%)Gas Yield (wt. %) 30.85 25.40 31.50 34.71 37.08 45.89Conversion togas/oil (wt%) 69.81 70.20 71.50 69.26 67.51 69.11Mass Balance (%) 84.85 92.10 91.37 92.54 101.14 102.30
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When comparing the experiments carried out at 800 °C with and without steam,it was found that the addition of steam increased the gas yield, however therewas no effect on the conversion to gas/oil ratio. Furthermore the gascomposition was highly influenced by the addition of steam, as the hydrogenconcentration in the produced gas increased from 18vol.% up to 31vol.%,whereas the CO and CH4 concentrations were reduced. This is due to the water-gas and steam reforming reactions taking place, resulting in the formation ofcarbon dioxide and hydrogen.
For the experiments carried out with steam at different gasificationtemperatures, as shown in Table 4.1-1 it was observed that the gas yieldincreased from 25wt.% up to about 35wt.% as the gasification temperatureincreased from 600 °C to 800 °C. The H2 content in the produced gas was alsoincreased from 21vol.% up to 31vol.% with the increasing temperature,whereas the CO2 was reduced from 27vol.% to 20vol.%. This was attributed to apromotion of gasification reactions involving steam as the temperature wasincreased. Li et al [1] previously reported similar results in the literature; theyobserved that an increase in the gasification temperature from 750 °C up to900 °C, resulted in an increase in the H2 and CO2 concentrations, and also anincrease in the gas yield from 10wt.% up to 50wt.%. The effect of using differentprocess conditions on the syngas composition during the gasification of RDF,has been also reported by Galvagno et al [2]. They reported that the producedgas contained up to 43vol.% of H2, about 18vol.% CO, 17.63vol.% CO2, and about16vol.% CH4; these concentrations are similar to those reported in this work(Table 4.1-1), when the gasification temperature was set at 800°C and using abed of sand.
Comparing the experiments with and without catalysts it could be seen in Table4.1-1 that the gas yield was slightly increased using the 5wt.%Ni/Al2O3 catalyst,but was further improved reaching about 46wt.% by using the 10wt.%Ni/Al2O3catalyst. The hydrogen and CO2 concentrations were also increased to 45.5vol.%and 23vol.% respectively. By adding the catalyst, reactions such as water-gas
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and tar cracking were further enhanced as the produced pyrolysis gases werepassed through the catalytic bed. The promotion of decomposition reactions oftars and hydrocarbons using the nickel based catalysts can be seen in Table4.1-1. The data show that the concentrations of CH4 and light hydrocarbons (C2-C4) in the syngas were markedly reduced as a result of this decomposition.Much work has been done to analyse the effects of nickel-based catalysts duringbiomass gasification. For example Miccio and collaborators [3], used a fluidizedbed gasification system, using biomass as raw material. They reported amaximum hydrogen concentration of about 30vol.% using two different nickel-alumina catalysts. Also Liu et al [4], and collaborators stated that the use of aspecific nano-nickel-based catalyst can increase the quality of the syngas duringthe gasification steam reforming of MSW carried out at 800 °C. In addition theresulting gas contained 50vol.% H2, 21.4vol.% of CO, and about 20vol.% of CO2.
From Table 4.1-1 it was also observed that the gas yield was increased to about2vol.% when the bed of catalyst was changed from sand to catalyst and wasfurther increased to about 8vol.% when the metal loading of the catalyst wasincreased from 5wt.% up to 10wt.%. Further increasing the metal loading mightbe useful to maximise gas yield using this specific catalyst.
The use of nickel-based catalysts influences the tar formation and kineticsduring the gasification stage. A general expression for tar formation, based onthe evolution of light hydrocarbons has been suggested as follows [5]:
ܥ௡ܪ௠ + ܽܪଶܱ → ܾܥܱ + ܿܪଶ + ܥ௫ܪ௬ Equation 4.1-3
Where CnHm and CxHy represent tar and light hydrocarbons respectively. Lighthydrocarbon can further evolve to release hydrogen according to the followingchemical reaction:
ܥ௫ܪ௬ + ݔܪଶܱ → ݔܥܱ + (ݔ+ 2 ݕ⁄ )ܪଶ Equation 4.1-4
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The calorific value and hydrogen concentration of the syngas can be alsoimproved through the promotion of hydrogenation reactions [6], by usingNi/Al2O3 catalysts, which might explain the increase in the hydrogenconcentration from 18vol.% up to 45vol.% shown in Table 4.1-1.
4.1.3 Tar Analysis
The characterisation of tar samples collected from the pyrolysis/gasification ofRDF was carried out by using GC-MS, SEC, and FTIR analytical techniques. Asdescribed in Chapter 3.
4.1.3.1 GC-MS analysis of the collected tar
The tars collected from the experiments were analysed by gas chromatographycoupled to mass spectrometry (GC-MS), and the resulting chromatograms areshown in Figure 4.1-1.
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Figure 4.1-1. Chromatograms of tar samples showing the effect of gasificationtemperature (a, b); and bed type (c, d, e, f).
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Some of the identified PAHs shown in Figure 4.1-1 such as acenaphthylene,fluorene, phenanthrene, anthracene, pyrene, and fluoranthene, representconcern due to their associated mutagenic characteristics. Phenanthrenes andmethylphenanthrenes have shown mutagenic characteristics in both human andbacterial cell tests [7]; in addition some compounds such as chrysene, tri- andtetramethylphenanthrenes, and benzo pyrenes have exhibited certaincarcinogenic activity [8]. Therefore some of these compounds together withother PAHs have been classified by the Environmental Protection Agency (EPA)as priority pollutants [9]. Thus the reduction in the formation of thesecompounds is a priority when analysing the effectiveness of a catalyst.
Figure 4.1-1(a), correspond to the chromatogram obtained from the tarcollected after the experiment carried out with a sand bed and no steamintroduced into the reactor. For this tar sample it was observed a typical trendof peak triplets related with the presence of alkadienes, alkenes and n-alkenes.Similar trends have been previously reported in the literature by Williams andWilliams [10], when analysing wax derived from the pyrolysis at 500 °C of lowdensity polyethylene (LDPE). Also Predel and Kaminsky [11], reported similarchromatograms from the analysis of light wax from the pyrolysis at 500 °C ofhigh density polyethylene. Therefore the presence of this pattern in thechromatogram shown in Figure 4.1-1(a), might be attributed to the presence ofsome plastics present in the RDF material subjected to pyrolysis and furthergasification at 600 °C. Comparing the chromatograms obtained at 600 °C(Figure 4.1-1(a)), 700 °C (Figure 4.1-1(b)) and 800 °C (Figure 4.1-1(d)), a largedecrease in the number of compounds present in the tar samples was observed;which indicates that the tar composition is directly related to the gasificationtemperature, which has been also previously observed and reported in theliterature [12, 13].
A list of the identified compounds at different gasification temperatures 600 °C(Figure 4.1-1(a)), 700 °C (Figure 4.1-1(b)) and 800 °C (Figure 4.1-1(d)), isshown in Table 4.1-2.
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Table 4.1-2. Identified compounds in tars from the gasification of RDF at 600,700 and 800°C
Retention
time (min) Gasification 600°C Gasification 700°C Gasification 800°C5.08-5.09 Toluene Toluene ─6.03 1,2,3-Trimethylcyclopentane ─ ─8.16 2,5- dimethylfuran 2,5- dimethylfuran ─9.95 Ethylbenzene Ethylbenzene ─10.66 o-xylene o-xylene ─12.11 Styrene Styrene ─12.40 Benzene, (1-methylethyl)- ─ ─16.95-16.98 Alpha-methylstyrene Alpha-methylstyrene ─17.52-17.60 Benzene-propyl Benzene-propyl ─18.86 ─ Benzene-2-propenyl ─19.21 5-butyl,1,3-cyclohexadiene ─ ─19.44 ─ Indene Indene20.04 ─ 2-methylphenol ─20.75 Benzene, 1-ethyl-2-methyl ─ ─21.46 ─ 4-methylphenol ─21.52 2-furancarboxaldheyde, 5-methyl ─ ─23.08 1,3,5-trimethylbenzene ─ ─23.44 ─ Naphthalene, 2-dihydro ─24.37 ─ Naphthalene Naphthalene24.81 1,2-benzenediol ─ ─25.84 2-furancarboxaldehyde ─ ─27.70 ─ 2-methylnaphthalene 2-methylnaphthalene27.76 Benzyl Alcohol ─ ─28.16 ─ 1-methylnaphthalene 1-methylnaphthalene30.00 ─ Biphenyl Biphenyl30.30 ─ Naphthalene, 1-ethyl ─30.45 n-C15 ─ ─31.33 ─ Acenaphthene ─31.78 Acenaphthylene Acenaphthylene Acenaphthylene32.71 ─ 2-methyl-1,1’-biphenyl ─32.98 n-C16 ─ ─33.30 ─ 2-naphthalenol ─34.61 ─ 1-naphthol ─35.06 ─ Naphthalene, 1-(2-propenyl) ─35.35 n-C17 ─ ─35.88 ─ Fluorene Fluorene36.69 Unidentified ─ ─37.61 n-C18 ─ ─37.64 ─ 9H-Fluorene, 1-methyl ─39.44 ─ Phenanthrene Phenanthrene39.67 ─ Anthracene Anthracene39.75 n-C19 ─ ─41.00 ─ 2-methylanthracene ─41.77 ─ 1-methylanthracene ─41.79 n-C20 ─ ─43.29 ─ 2-phenylnaphthalene ─43.74 n-C21 ─ ─44.64 ─ 4,5,9,10-tetrahydropyrene ─44.95 ─ Fluoranthene ─45.61 n-C22 ─ ─45.92 ─ Pyrene Pyrene46.60 ─ m-Terphenyl ─47.40 n-C23 ─ ─47.63 ─ Benzanthrene ─48.45 ─ Benzo[c]fluorene ─49.11 n-C24 ─ ─50.76 n-C25 ─ ─51.59 ─ Triphenylene ─52.34 n-C26 ─ ─
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From Table 4.1-2, it was observed that at 600 °C the oxygenated compoundsidentified were benzenediols, alcohols and decanols, at 700 °C some phenolderivatives such as naphthols, and naphthalenols were detected, whereas at800 °C the tar composition was dominated by polycyclic aromatic compounds(Table 4.1-2 and Figure 4.1-1).
Changes in the chromatograms according to different bed materials used areshown in Figure 4.1-1(d)-(f). Additionally in Table 4.1-3, are shown the tarcompounds and concentrations found in the analysed tar samples obtainedusing different bed types and a constant gasification temperature of 800 °C.
Table 4.1-3. Influence of the bed type over the tar composition duringgasification at 800°C a
a More asterisks mean higher concentration; No asterisks means compound no detected/no present in thesample
In Table 4.1-3 a relative yield is shown by using different asterisks, for theexperiments carried out with sand there are no signals from single ringcompounds, but the presence of higher aromatic compounds such as pyrene andtriphenylene is clear. From Table 4.1-3 and Figure 4.1-1 it was also noted thepresence of other aromatic and polyaromatic hydrocarbons such asnaphthalene and phenanthrene. Compounds with 3 and 4 aromatic rings(anthracene, fluoranthene, pyrene and triphenylene) were identified in the tar
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from the experiments carried out with the sand bed, whereas single ringcompounds such as styrene were detected in the tar samples from experimentscarried out using catalysts. The change in the presence of 3-4 aromatic ringcompounds to a dominance of single ring aromatic compounds could be due tohigher molecular weight hydrocarbons which were thermally degraded intolighter hydrocarbons. The lighter hydrocarbons could have been subsequentlyaromatised via Diels-Alder type reactions due to the thermal degradation ofalkanes into alkenes resulting in the formation of single ring compounds such astoluene and styrene [6, 14]. An example of a cycloaddition reaction between aconjugated diene and an alkene to form a single ring structure is shown inFigure 4.1-2.
Figure 4.1-2. Diels-Alder cyclo-addition reaction for a single ring structureformation
From Figure 4.1-2, it is observed an overlap between positions 1 and 4 whichends up with the formation of sigma bonds, and a new bond formed betweenthe positions 2 and 3 of the diene.
From Table 4.1-3 and Figure 4.1-1(e)-(f), it was also observed that the use ofnickel-based catalysts during the pyrolysis/gasification of RDF, favoured theformation of phenanthrene rather than anthracene, which has been alsoreported in the literature [7]. It has also been reported the reduction ofoxygenated species via de-oxygenation reactions, resulting in an increase inaromatic species [15]. Single ring aromatic compounds identified includedbenzene and toluene, in addition some PAH compounds such as naphthalene,phenanthrene, fluorene and their alkylated homologues were also identified.From Figure 4.1-1(e)-(f), the small peak shown between biphenyl andacenaphthylene might be due to the presence of acenaphthene, while the peak
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that elutes after acenaphthylene labelled as unidentified, might be attributed todibenzofuran. Both assumptions were based on the m/z spectra reported forboth peaks. From the chromatograms reported in Figure 4.1-1, it can also beobserved that when catalysts were used, aromatic compounds such asantharecene and pyrene were not present in the tar samples, whereas somesingle ring aromatic compounds such as styrene and toluene were formed(Figure 4.1-1(e), and Figure 4.1-1(f)).
For all the tar samples analysed the major compounds identified were indene,naphthalene, methylnaphthalenes, biphenyl, acenaphthylene, fluorene, andphenanthrene (Table 4.1-3). These aromatic species have been reported as tarcompounds from different thermal processes such as pyrolysis and gasificationof both biomass and wastes [3, 16-19]. For example major tertiary tarcompounds such as naphthalene, fluorene, phenanthrene, and pyrene have beenreported in samples from the pyrolysis of biomass [20]. Benzene has also beenreported as tar compound; however as it is highly volatile it might not becaptured during the collection and analysing process in our work, hence theresulting samples were deficient in lighter compounds such as benzene.
4.1.3.2 Size Exclusion Chromatography (SEC)
Size exclusion chromatography (SEC) was used to determine the molecularmass of the tar compounds. The SEC chromatograms were plotted as a linearfunction of the molecular weight in the region between 88 and 240 g gmol-1.From the molecular weight distributions obtained, three major regions wereidentified. The molecular weights of these regions were associated andcompared with those compounds identified through GC-MS. In Figure 4.1-3 isshown the molecular mass distribution and their associated compounds foreach region.
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Figure 4.1-3. Size exclusion chromatograms (SEC) of tar samples
The presence of some peaks around 95 g gmol-1, was attributed to the presenceof toluene and phenol. In the region between 126-135 g gmol-1 the data suggestthe presence of naphthalene, whereas the peaks shown ~219 g gmol-1 might bedue to large-molecular mass compounds such as pyrene and triphenylene. Theaddition of Ni-alumina catalyst into the gasification stage promoted theformation of single and 2-ring aromatic compounds of lower molecular weightas shown within the first region. The SEC from the experiment carried outwithout steam showed the presence of higher MW species, which might berelated to the presence of some 4-ring aromatic compounds such as anthracene,pyrene, and triphenylene.
The molecular weight of the compounds found by SEC (Figure 4.1-3), comparedwith the identified compounds by GC-MS (Figure 4.1-1) are in good agreement.The molecular weights reported by SEC were compared with possiblecompounds reported in the literature and a probable match and comparison isshown in Figure 4.1-4.
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Figure 4.1-4. Possible assignment of MW reported by SEC
4.1.3.3 FTIR Analysis
The FTIR analysis of tar samples was carried out with the aim to identify thechemical functional groups present in the samples derived from different Nicatalysts. In order to carry out the FTIR analysis it was necessary to prepare thetar samples; the preparation pathway is shown in Figure 4.1-5.
Figure 4.1-5. Sample preparation, FTIR analysis and interpretation
The original sample was a heterogeneous mixture containingtar/oil/H2O/dichloromethane (DCM) in different proportions. The water wasseparated from the original sample by simple decantation; afterwards theremaining sample was subjected to a centrifuge process at 40 °C for 15 minutes,as the boiling point of the DCM is around 40 °C. The resulting liquid sample wassubjected to FTIR analysis. As some traces of the DCM might have remained in
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the original sample after the centrifuge process, a parallel FTIR analysis for DCMwas carried out. The resulting spectra were compared and a finalspectralpattern for each sample was obtained.
The bands in the FTIR spectrum resulted from different vibrations and rotationsin the bonds of a molecule. Vibrational motions can be stretching and bending,and usually occur in diatomic or triatomic molecules. Stretching vibrations arerelated with changes in the interatomic distance along the axis of the bond,whereas bending vibrations are related with changes in the angle of the bonds.Bending vibrations include wagging, twisting, rocking, and scissoring. Examplesof some of these vibrations for CH2 groups, are graphically shown in Figure4.1-6 [21].
Figure 4.1-6. Types of CH2 vibrations
The FTIR results obtained from the analysis of tar samples are shown in Figure4.1-7.
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Figure 4.1-7. Fourier transform infrared spectra (FTIR) of tar from pyrolysis-gasification of RDF at frequency of 4000-650cm-1
A difference from the GC-MS chromatograms, the absorption bands from theFTIR spectra analysis are assigned to functional groups instead of specificcompounds. An example of the correlation of bond stretching and IR absorptionbands is shown in the following Table 4.1-4 [22].
Table 4.1-4. Bond stretching and IR absorptionType of Bond Functional Group Family of compounds Wavenumber range(cm-1)
Single
−ܥ− ܪ Alkanes 2850-3300= ܥ− ܪ Alkenes, aromatics 3000-3100
≡ ܥ− ܪ Alkynes 3300-3320
ܱ − ܪ Alcohols 3200-3600
ܰ − ܪ Amines 3300-3500
Double
ܥ = ܥ Alkenes, aromatics 1600-1680
ܥ = ܱ Carbonyls 1680-1750Aldehydes, ketones 1710-1750Carboxylic acids 1700-1725Esters, amides 1680-1750
ܥ = ܰ Imines 1500-1650
Triple ܥ ≡ ܥ Alkynes 2100-2200
ܥ ≡ ܰ Nitriles 2200-2300
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From Figure 4.1-7 it was observed that the tar samples showed a similar pattern,which indicates a similarity among the functional groups present in the samples.The peaks observed between the region 3000 and 2850 cm-1 (a) correspond toaliphatic hydrocarbons, specifically to stretching of the type C-H bonds, thepeaks between 1450 and 1350 cm-1 (d) represent C-H deformation vibrationsthat might be related with –CH3, CH2 and C-H groups [23]. The absorption peaksdetected around 1625 and 1575 cm-1 (c) as well as those between 950-800 cm-1(g) indicate the presence of mono and polycyclic aromatic compounds. It hasbeen reported that the double bond C=C stretching vibrations from aromaticcompounds appear within the region 1430-1650cm-1 [24]. The peak between1675-1352 cm-1 (b) represents double carbon bonds (C=C) from the alkenefunctional group. Alkanes, alkenes and alkynes functional groups have beenpreviously reported in the literature, for example when analysing pyrolitic oilsfrom the thermochemical conversion of waste paper [25]. The signal around1100 cm-1 (f) might correspond to single bond interactions between carbon andhydrogen. The region between 500-1500cm-1 normally contains overlappedabsorption bands from both bending and stretching vibrations, this region isknown as fingerprint region and sometimes is complicated to assign them to anspecific functional group (e, f, g, h).
The functional groups identified in the FTIR spectra support the GC-MS results,as it was confirmed the aromatic nature of the analysed tar samples.
4.1.4 Summary
In this section of the work, the effects of both the gasification temperature andthe catalyst bed type were studied regarding the yield and composition of thegas fraction and tar by-product. It was found that the composition of theproduced syngas was highly influenced by the addition of steam into thegasification stage. Even more it was found that the type of material used topromote catalytic reactions in the second gasification stage also modified the
hydrogen content in the produced gas. For example by using a 10wt.% Ni/α-Al2O3 catalyst, the hydrogen concentration was increased by almost 14%
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compared with the experiments carried out using a silica-sand bed undersimilar conditions. Also it was noted that methane and C2-C4 gas concentrationswere reduced by about 10% and 5% respectively.
By combining the techniques of GC-MS, SEC, and FTIR for tar characterisation, itwas possible to obtain a general idea about the different compounds containedin the tar samples derived from the pyrolysis-gasification of RDF. Additionallythe effects of both the gasification temperature and catalyst bed on the liquidfraction were also studied. The tar obtained at gasification temperatures around800 °C was found to contain PAH, consisting mainly of naphthalene, biphenyl,acenaphthylene, fluorene, and phenanthrene. The PAH were assumed to beformed via Diels-Alder reactions and deoxygenation reactions. The use ofnickel-alumina catalysts promoted the reduction of 3 and 4-ring aromaticcompounds and helped to increase the hydrogen yield in the syngas. It wasfound that lower gasification temperatures of 600 °C promoted the formation ofoxygenated compounds; whereas at higher temperatures the formation ofaromatic compounds was preferred.
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OF NICKEL BASED CATALYSTSThis Chapter was divided in three different sections, each one mostly dedicatedto the study of nickel-based catalysts for the hydrogen production. The catalyticactivity was assessed using a two-stage pyrolysis-gasification reaction systemdescribed in Chapter 3, Section 3.3. A brief description of each section is givennext.
Section 5.1., includes results obtained from the preparation of diverse Ni/SiO2catalysts prepared by sol-gel and impregnation methods. Some properties suchas metal loading and the addition of metal promoters were also studiedregarding the catalysts properties. The catalytic activity towards hydrogenproduction, tar composition and formation was evaluated for all the catalysts.
Section 5.2., was dedicated to the analysis of varying the nickel to citric acidratio (Ni:CA) into the final characteristics of a series of three Ni/SiO2 catalysts.The catalytic performance was evaluated in a similar way as in the previoussection, considering the hydrogen and tar yields.
Finally the Section 5.3., was focused on the characterisation of a series ofNi/SiO2 catalysts obtained using two different homogeneous precipitation(HGP) methods. The final properties of the catalysts were correlated with theirperformance for hydrogen production.
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5.1 Ni/SiO2 catalysts: Influence of metal loading, metal
promoters and preparation method on catalyst
characteristicsThere are diverse parameters influencing the properties of the final catalysts,such as the preparation method, and the type of oxide support namely Al2O3 [1,2], and SiO2 [3-5]. Al2O3 was used as oxide support in the previous Chapter 4,however SiO2 has been also largely used as oxide support due to promotes ahigher metallic surface area and higher sintering resistance compared withother oxide supports [6]. In addition some authors have reported that the use ofsilica oxide as support also contributes to improvement of the thermal stabilityand porous properties of the resulting catalyst [4, 7, 8]. In order to furtherimprove the catalytic activity and selectivity of catalysts, diverse metals such asCe, Al, and Mg have been added to Ni/SiO2 catalysts as metal promoters. Theenhancement of steam adsorption and the reduction in carbon deposition overthe catalyst surface have been reported in the literature as positive effects ofadding metal promoters [9-11].
This section describes and compares the influence of impregnation and sol-gelpreparation methods, on Ni/SiO2 catalyst characteristics. In addition theinfluence of the nickel loading (5wt%, 10wt%, 20wt%, and 40wt%) and thefurther addition of Mg, Al, and Ce as metal promoters were studied overcatalysts properties. Furthermore the catalysts were analysed for theirefficiency towards hydrogen production and tar reduction during the pyrolysis-gasification of RDF.
5.1.1 Characterization of fresh Ni/SiO2 catalysts
The details about the Ni/SiO2 catalysts used in this section are described inChapter 3, Section 3.2.2.2. The identification and properties of the catalyst usedfor this section of the work are detailed in Table 5.1-1.
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Table 5.1-1. Description and properties of the prepared Ni/SiO2 catalysts
The fresh catalysts listed in Table 5.1-1, were analysed to determine theirsurface area and porous properties according to the BET technique described inChapter 3, Section 3.4.2. The N2 adsorption and desorption isotherms wereobtained at 77K, the resulting curves for the catalysts are shown in Figure 5.1-1.
Catalyst ID Ni loading Metal addition Preparation method5Ni/SiO2-A 5 wt%
―
SOL-GEL
10Ni/SiO2-A 10 wt%20Ni/SiO2-A 20 wt%40Ni/SiO2-A 40 wt%Mg-Ni/SiO2-B 20 wt% MgAl-Ni/SiO2-B AlCe-Ni/SiO2-B Ce5Ni/SiO2-C 5 wt%
― IMPREGNATION
10Ni/SiO2-C 10 wt%20Ni/SiO2-C 20 wt%40Ni/SiO2-C 40 wt%
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(a) 5-40wt% Ni/SiO2 SOL-GEL (b) 5-40wt% Ni/SiO2 IMPREGNATION (c) 20wt% Ni/SiO2 Mg, Ce, AlFigure 5.1-1. BET Adsorption-desorption isotherms from fresh Ni/SiO2 catalysts
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The surface area of the catalysts was calculated using the MultiPoint Brunauer,Emmett & Teller (BET) method, the micropore and mesoporous volumes werecalculated using the Dubinin-Radushkevich (DR) method, and the total porevolume and pore diameter were obtained by the Barrett, Joyner & Halenda(BJH) method. The amount of N2 adsorbed at relative pressures near unitycorresponds to the total amount adsorbed for both micropores (generally filledat low relative pressures) and mesopores (filled by capillary condensation atrelative pressures above 0.2). Therefore, the mesopore volume might beobtained by subtracting the micropore volume (obtained using the D-Requation), from the total amount adsorbed determined at P/P0=0.95 [12-14].The results from these calculations are shown in Table 5.1-2.
Table 5.1-2. Surface area and porous properties of fresh Ni/SiO2 catalysts
1 MultiPoint Brunauer, Emmett &Teller (BET) Method2 Dubinin-Radushkevich (DR) Method3 Barrett, Joyner & Halenda (BJH) Method
From Figure 5.1-1(a), the isotherm given by the 5Ni/SiO2-A catalyst wasidentified as Type I, based on the IUPAC classification [15]. This type ofisotherm generally shows no hysteresis loop and is associated withmicroporous solids with relatively small external surface area. The limitinguptake of this isotherm is normally governed by the accessible micropore ratherthan by the internal surface area. Table 5.1-2 shows the surface area for the
Catalyst Surfacearea1(m2 g-1) Microporevolume2(cm3 g-1) Mesoporousvolume2(cm3 g-1) Total porevolume3(cm3 g-1) Porediameter3(nm)5Ni/SiO2-A 595.4 0.322 0.008 0.034 3.77610Ni/SiO2-A 836.9 0.398 0.231 0.315 3.82020Ni/SiO2-A 756.4 0.389 0.602 0.884 6.60840Ni/SiO2-A 481.6 0.260 0.492 0.755 12.612Mg-Ni/SiO2-B 554.4 0.281 0.400 0.583 5.660Al-Ni/SiO2-B 552.6 0.281 0.410 0.587 5.654Ce-Ni/SiO2-B 717.9 0.389 0.524 0.771 6.6065Ni/SiO2-C 6.9 0.003 0.010 0.029 3.17210Ni/SiO2-C 6.4 0.003 0.009 0.025 3.79620Ni/SiO2-C 9.7 0.003 0.010 0.019 3.37440Ni/SiO2-C 6.3 0.003 0.010 0.026 3.764
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5Ni/SiO2-A catalyst was around 600m2 g-1 with a very low mesoporous volume(0.008cm3 g-1) and low total pore volume (0.034cm3 g-1); which confirms themicroporous properties of this catalyst. The resulting trend from the isothermfrom the 10Ni/SiO2-A catalyst seems to be a combination of the isotherms TypeI and Type IV (Figure 5.1-1(a)). It was also distinguished by a hysteresis loop ofthe type H2 indicating the multilayer region of the isotherm, around P/P0=0.5.This trend is associated with very complex structures and interconnected poreswith different shapes and sizes [16]. The higher value of the surface area for sol-gel catalysts (Table 5.1-2), was around 800m2 g-1 for the 10Ni/SiO2 catalyst.However, this catalyst also showed lower values for mesopores and total porevolume compared with the catalysts prepared using nickel loadings of 20wt.%and 40wt.%. Both 20Ni/SiO2-A and 40Ni/SiO2-A catalysts showed isotherms ofthe Type IV (Figure 5.1-1(a)) generally associated with well-definedmesoporous materials with fairly narrow pore size distribution [17].Additionally from Figure 5.1-1(a), two main stages in the adsorption-desorptionisotherms might be identified for both 20Ni/SiO2-A and 40Ni/SiO2-A catalysts;the first one appears at low pressures indicating an adsorbate monolayerformation on the pore surface; then a second stage takes place related to themultilayer formation at higher pressures [18]. The upward deviation observedinto the multilayer region for 20Ni/SiO2-A and 40Ni/SiO2-A isotherms (topFigure 5.1-1(a)), corresponds to hysteresis of the H1-Type, which ischaracteristic of mesoporous solids having uniform pore structures [19, 20]. Inaddition, the beginning of the capillary condensation in the pores was indicatedby the onset of the hysteresis loop [18]. In Table 5.1-2 relatively highmesoporous volumes of around 0.6 and 0.5cm3 g-1 for the 20Ni/SiO2-A and40Ni/SiO2-A catalysts respectively, were obtained from the DR calculationmethod. Kim et al [21], reported that mesoporous materials tend to haveordered pore structures with narrow pore size distribution, high surface areaand large pore volumes. For the sol-gel catalysts it was observed that as the Niloading increased from 10wt.% up to 40wt.%, the total pore volume andmesoporous volume of the catalysts were increased (Table 5.1-2). It was alsoobserved that the hysteresis loop became more pronounced and was slightlyshifted to higher pressures in the multilayer region (Figure 5.1-1(a)), as the
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metal loading was increased; this trend is related to a displacement of thebeginning of the capillary condensation in pores [18].
From Table 5.1-2, the Ni/SiO2 sol-gel catalysts presented a wide pore diameterdistribution, especially at higher Ni loadings, leading to larger pore diameters.The pore diameter distribution for the catalysts prepared by sol-gel increasedfrom 3.77nm to 12.61nm as the Ni loading was increased. Wu and Williams [3],also reported that the average pore size of sol-gel Ni/SiO2 catalysts seemed toincrease as the Ni loading was increased from 10 wt.%. to 50 wt.%.
All the isotherms plotted for the impregnated catalysts (Figure 5.1-1(b)), arefrom the Type III with no hysteresis loop which might be indicative of catalystswith weak adsorbent-adsorbate interactions [16]. From Table 5.1-2, it was alsoobserved a major reduction in the surface area values reported for theimpregnated catalysts when compared with those values obtained from the sol-gel catalysts. Also similar values for pore diameter where observed for all theimpregnated catalysts, this might be due to the similar trends shown in theisotherms, which means very similar characteristics for the impregnatedcatalysts, and very low influence of the metal loading.
Comparing the isotherms plotted for the 20wt.% catalysts prepared by bothimpregnation and sol-gel methods (Figure 5.1-1(a) and (b)), the differenceobserved in the trends could be related with both the preparation method andthe raw materials used during the catalysts preparation. For example the silicagel in the sol-gel catalysts, was formed through the interaction between TEOSand citric acid, which has been reported to provide mesoporous amorphoussilica with high specific surface areas. On the other hand, the silica source usedduring the catalysts preparation by impregnation came directly from silicon(IV) oxide, which typically leads in a material with weak adsorbent-adsorbateinteractions. Pina and collaborators [22], have reported weak interactions in thesubstrate and a great tendency to agglomeration for Ni/SiO2 catalysts preparedby the impregnation method. The effect of the preparation method has beenpreviously studied on catalysts used for ethanol and methanol reforming,
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reporting better characteristics and performance for sol-gel prepared catalysts[3, 7]. Tomiyama et al [4], also reported larger surface areas for Ni/SiO2catalysts prepared by sol-gel, compared with the same catalysts prepared byincipient wet impregnation; which is in accordance to the values reported in thepresent work (Table 5.1-2).
In Figure 5.1-1c, are depicted the isotherms for the catalysts impregnated withMg, Ce, and Al. From Figure 5.1-1(c) similar trends were observed for the threecatalysts and were identified as isotherms of the type IV, which arecharacteristic of mesoporous materials. From Table 5.1-2, similar BET surfaceareas around 550m2 g-1 and pore diameter values about 5.6nm, were reportedfor both Mg and Al-Ni/SiO2-B catalysts. Whereas the Ce-Ni/SiO2-B catalystreported a surface area higher than 700m2 g-1, and 6.6nm pore diameter. Thisdifference suggests that the addition of cerium has a minor influence on thesurface area or pore size of the prepared catalysts; but a reduction in these twoparameters can be noticed with the addition of Mg and Al. Also the addition ofMg and Al could lead to the modification of active sites on the metal surface orin changes of the geometric structure of the catalyst surface, as has beenreported by Wang et al [23]. From Table 5.1-2, a reduction in the mesoporousvolume of this series of metal-promoted catalysts was observed, whencompared with the mesoporous volume of the 20Ni/SiO2-A catalyst. Thisreduction effect in the mesopore volume, has been previously reported by Dingand Yan [24], during the addition of oxide promoters to Ni/Al2O3 catalysts. Theysuggested that the oxide promoters, MgO and CeO2, might be concentrated onthe outer layer of the support, whereas the nickel metal was dispersed in thesupport pores; as a result a reduction in mesopore volume might be promoted.
5.1.2 Test of the catalytic activity of Ni/SiO2 catalysts
Once all the Ni/SiO2 catalysts were characterised, all of them were tested in thetwo-stage gasification system previously described in Chapter 3, Section 3.3.The activity of the catalysts was tested regarding the composition of the finalsyngas, specifically towards hydrogen production, and also this was related to
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their efficiency to promote tar cracking reactions during the steam reformingstage. The gas composition of the gases derived from the pyrolysis-gasificationof RDF was analysed and reported on a N2 free basis. The gas yield included theinitial sample weight and the injected water for each experiment. The gascomposition and gas yields are presented in Table 5.1-3.
Table 5.1-3. Gas yield and composition using diverse Ni/SiO2 catalysts
From Table 5.1-3, it was observed that the H2 concentration of the producedgases for the series of sol-gel catalysts (series A), was increased as the Niloading was increased. However for the 40Ni/SiO2-A catalyst, the hydrogenconcentration was slightly decreased. This effect might be related to the catalystproperties, for example the mesoporous volume for the 40Ni/SiO2-A catalystwas 0.49 cm3 g-1, whereas for the 20Ni/SiO2-A catalyst it was 0.60 cm3 g-1 (Table5.1-2). This difference might be due to the promotion of steam reformingreactions as the Ni loading increased. Therefore it was an increase in thehydrogen production for the sol-gel series of catalysts. From Table 5.1-3, it wasalso noted that the concentration of CO2 increased as the Ni loading wasincreased. In this case the pore size of the catalyst may influence the CO2concentration, which coincides with the trend reported in Table 5.1-2 for thepore size of the sol-gel catalysts. Thus the highest pore size and highest CO2concentration of about 12nm, and 25.6 vol.% respectively, corresponded to the
Catalyst Gas composition (Vol.%, N2 free) Gas Yield(wt.%) Mass Balance(wt.%)CO H2 CO2 CH4 C2-C45Ni/SiO2-A 28.6 41.2 15.4 8.8 6.1 45.7 94.810Ni/SiO2-A 24.1 47.4 16.5 8.1 3.8 58.6 98.020Ni/SiO2-A 18.4 57.9 20.7 2.2 0.8 68.7 91.640Ni/SiO2-A 16.5 56.2 25.6 1.4 0.4 72.6 98.7Ce-Ni/SiO2-B 19.0 53.6 24.1 2.6 0.7 64.9 98.1Mg-Ni/SiO2-B 20.1 54.3 22.4 2.6 0.6 58.6 98.5Al-Ni/SiO2-B 21.6 49.6 22.0 5.3 1.5 46.4 94.25Ni/SiO2-C 27.6 35.6 22.3 9.7 4.8 39.9 93.910Ni/SiO2-C 29.2 37.7 20.5 8.8 3.8 46.8 94.620Ni/SiO2-C 21.7 40.6 26.6 7.2 3.9 51.9 99.040Ni/SiO2-C 22.3 44.1 25.8 5.7 2.1 55.4 98.6
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40Ni/SiO2-A catalyst. Methane (CH4) and light hydrocarbon (C2-C4)concentrations were considerably reduced as the Ni loading was increased;again this trend was related to the catalysts physical properties, specificallywith the pore size. From Table 5.1-2 it can be seen that there was an increase inthe pore size as the metal loading was increased, whereas the concentrations ofboth CH4 and C2-C4 decreased up to 1.4 vol.% and 0.4 vol.% respectively. Theincrease in the H2 and CO2 concentrations and the decrease in the concentrationof CH4 and C2-C4 (Table 5.1-3), might be due to the conversion of CO into CO2 bywater-gas shift and hydrocarbon reforming reactions, including methanereforming [25].
Zapata et al [26], reported that the addition of Ce to Ni/SiO2 catalyst resulted inthe promotion of methane reforming reactions and also in an improvement inthe stability of the catalyst. Also the addition of Mg to different supported Ni-based catalysts has been reported by Choudhary et al [11], in order to enhancethe steam adsorption capability, to stabilize the Ni and to prevent catalystsintering. In this work Mg, Ce, and Al were used as metal promoters in order toimprove the catalysts activity towards hydrogen production. From Table 5.1-3 itcan be observed that about 54vol.% of hydrogen was obtained in the producedgas when using Ce-Ni/SiO2-B and Mg-Ni/SiO2-B catalysts, whereas less than50vol.% of H2 was attained using the Al-Ni/SiO2-B catalyst. A similar trend wasreported for the CH4 concentration as Ce-Ni/SiO2-B and Mg-Ni/SiO2-B catalystsresulted in concentrations of 2.6vol%, while using the Al-Ni/SiO2-B catalyst aCH4 concentration of 5.3 vol.% was obtained. In addition, similar CO2concentrations (~22 vol.%), were obtained using Mg and Al added Ni/SiO2-Bcatalysts, whereas Ce addition showed a CO2 concentration of 24 vol.%. Fromthe catalysts properties shown in Table 5.1-2, it was expected that the additionof Mg and Al to the Ni/SiO2-B catalyst would produce a similar performanceregarding gas composition based on surface area and porosity characteristics.However, a more similar catalytic activity for both Ce and Mg added Ni/SiO2-Bcatalysts was observed, whereas using the Al-Ni/SiO2-B catalyst resulted inlower H2, and higher CH4 and C2-C4 compositions. A better performance wasobserved when using Mg and Ce as metal promoters instead of using Al.
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However, there was not an improvement towards hydrogen production byusing any of these three metal promoters, when compared with the original20Ni/SiO2-A catalyst prepared by conventional sol-gel method.
The influence of the preparation method was also studied by using theimpregnation method and varying the metal loadings from 5-40wt%, and thesecatalysts were assigned as C series (Table 5.1-1). From Table 5.1-3, the highestH2 concentration of about 44vol.% was obtained using the 40Ni/SiO2-C catalyst.The use of 10Ni/SiO2-C and 20Ni/SiO2-C catalysts resulted in H2 concentrationsof ~40 vol.%, whereas a hydrogen concentration of 36vol.% was obtained usingthe 5Ni/SiO2-C. The CH4 and C2-C4 concentrations were found to be reduced forall the impregnated catalysts, when the Ni loading was increased.
From Table 5.1-3, the gas yield of the sol-gel catalysts (series A), was increasedfrom 45.7 to 72.6 wt.% as the nickel loading was increased from 5 to 40 wt.%. Asimilar trend was observed for the impregnated catalysts (series C), but withlower gas yields, increasing from 39.9 to 55.4 wt.% as the Ni loading wasincreased from 5 to 40 wt.%. Slight differences in the gas yield can also beattributed to changes in the amount of water steam injected during eachexperiment. It was expected that the addition of Ce, Mg, and Al as metalpromoters into the Ni/SiO2 sol-gel catalyst, would increase the gas yield;however using the Al-Ni/SiO2-B catalyst resulted in a reduction in the gas yield(46.4 wt.%), that was similar to that obtained using the 5Ni/SiO2-A and10Ni/SiO2-C catalysts. The addition of Ce and Mg into the Ni/SiO2 catalyst,resulted in gas yields of between 60 and 65 wt.% that were lower than the gasyield obtained using the 20Ni/SiO2-A catalyst (~69 wt.%). The reduction in thecatalytic activity of the Al-Ni/SiO2-B catalyst, in terms of gas yield and hydrogenproduction, might be related to a lower Ni metal dispersion; as this property canbe sometimes decreased by the addition of inappropriate promoters [24], thusthe catalytic activity might also be influenced [27]. There has been muchresearch on the influence of metal promoters in relation to Ni/SiO2 catalystsproperties and activity for methane and CO2 conversion [9, 28-30]. For exampleGarcia et al [9], reported that the addition of MgO into nickel-based catalysts can
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lead to a H2 yield of 40% stoichiometric during the steam reforming of bio-oil,whereas methane conversions higher than 90% can be attained using similarcatalysts [11, 31]. The addition of the CeO promoter was also studied during theautothermal reforming of methane and partial oxidation of methane to syngas,leading to a CH4 conversion up to 100% and attaining a H2/CO maximum of 3.5using Ni/Ce30Al70Oδ catalyst [10].
5.1.2.1 Performance of Ni/SiO2 catalysts towards hydrogen production
In terms of hydrogen production, it was observed that the series of sol-gelcatalysts (series A), exhibited a better performance when compared with thecatalysts prepared by the impregnation method (series C). Similar results havebeen reported by Wu and Williams during the steam reforming of ethanol [3].Also Goncalves et al [7], reported a better performance for Ni/SiO2 sol-gelcatalysts during the CO2 reforming of CH4 when compared with Ni/SiO2catalysts prepared by impregnation. The promotion of the catalytic activity byadding metals, Ce, Mg, Al, to the 20Ni/SiO2 sol-gel catalyst has not beenobserved in this work for the pyrolysis/gasification of RDF; as the H2concentrations obtained for the metal-promoted catalysts (series B) were lowerthan the hydrogen concentration attained using the 20Ni/SiO2-A catalyst.
5.1.3 GC-MS analysis of the condensed tar fraction
After each experiment using the catalysts shown in Table 5.1-1, the condensedfraction coming from the main exit gas stream was collected from the bottom ofthe condensers cooled by air and dry-ice respectively. The liquid sample wasanalysed by gas chromatography coupled to mass spectrometry (GC-MS), inorder to obtain both qualitative and quantitative information about this fraction.Details about the sample preparation and GC-MS analysis are given in theChapter 3, Section 3.4.3 of this work; however a brief description is given next.
The samples contained in the condensers were collected using dichloromethane(DCM analytical reagent grade, Fischer Scientific). A heterogeneous sample wasobtained containing a fraction of tar mixed with DCM and a second fraction
- 153 -
mainly containing water; afterwards both fractions were separated by simpledecantation. The water traces contained in the tar/oil mixed with the DCMsamples was extracted using a sodium sulphate bed (Na2SO4); the salt waspreviously dried for 2 hours at 140 °C. The DCM contained in the samples wasthen evaporated at around 30 °C using a Genevac Rocket Evaporation system, toobtain concentrated samples at the same volume. The tar composition wasdetermined by injecting 2 microliters of the sample into a Varian CP-3800 gaschromatograph coupled with a Varian Saturn 2200 GC/MS/MS massspectrometer. Further details about the programme used for the analysis oftar/DCM samples can be found in Chapter 3, Section 3.4.3 of this work. Theresults from this analysis including the retention times of the eluted peaks, thecompounds assigned and concentration expressed as µgcompound/gRDF, arepresented in Table 5.1-4.
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Table 5.1-4. Identified compounds from GC-MS analysis of tar samples (µgcompound/gRDF)MW(g mol-1)
7.84 Furfural 96 ─ 3.4 1.5 0.5 1.2 0.3 2.0 12.7 5.1 3.7 7.1
7.81 Cyclopentanone 84 ─ 7.4 1.5 0.5 1.2 0.0 2.1 13.4 3.6 3.7 7.0
8.67 Ethylbenzene 106 4.8 0.2 ─ 1.2 0.6 0.2 1.1 ─ 1.3 1.1 4.19.02 p -Xylene 106 ─ 1.0 3.1 1.8 8.5 2.5 5.0 0.4 4.1 5.4 7.19.02 m -Xylene 106 12.9 1.0 3.2 1.8 8.3 2.4 4.8 0.6 4.1 5.3 6.99.86 Styrene 104 116.0 21.3 1.4 8.5 31.1 15.2 27.1 3.1 44.3 43.8 43.09.89 o -Xylene 106 2.8 ─ ─ ─ 2.4 1.6 2.7 ─ ─ ─ ─13.36 Phenol 94 867.1 408.0 183.8 130.0 404.5 160.3 377.1 1019.0 419.7 607.9 706.5
13.78 para-methylstyrene 118 7.1 ─ ─ ─ ─ ─ ─ 1.3 ─ ─ ─
14.97 Indane 118 2.3 1.4 ─ 0.2 0.2 0.3 0.2 0.3 1.0 0.9 0.515.35 Indene 116 182.2 95.3 1.2 8.3 11.0 21.5 9.1 5.9 56.0 68.1 28.215.69 o -Cresol 108 27.4 15.8 2.7 2.5 5.0 1.3 7.9 ─ 28.4 10.7 12.5
16.14 Acetophenone 120 1.2 5.1 1.0 1.2 ─ 0.4 1.0 3.7 ─ 1.2 1.716.47 p -Cresol 108 71.5 ─ 5.6 6.5 15.6 5.0 15.1 105.6 81.0 27.8 35.216.48 m -Cresol 108 34.3 5.0 5.3 6.0 11.0 4.6 18.1 72.6 64.0 23.8 32.8
17.38 2-Methylbenzofuran 132 6.6 ─ ─ 0.8 ─ 0.4 0.3 ─ ─ 1.6 1.5
18.29 2-Ethylphenol 122 1.5 ─ ─ ─ ─ ─ ─ 2.2 1.8 ─ 2.5
18.66 2,4-Dimethylphenol 122 4.6 1.2 ─ 1.1 ─ ─ 1.3 ─ 5.6 ─ ─
19.32 4-Ethylphenol 122 4.7 2.4 ─ ─ ─ ─ 1.5 ─ 5.8 ─ ─
19.32 3-Ethylphenol 122 5.1 2.7 ─ 1.3 ─ ─ 1.6 ─ 6.3 ─ ─
40Ni/SiO2-CCe-Ni/SiO2-B Mg-Ni/SiO2-B Al-Ni/SiO2-B 5Ni/SiO2-C 10Ni/SiO2-C 20Ni/SiO2-CRT (min) Assigned Peak 5Ni/SiO2-A 10Ni/SiO2-A 20Ni/SiO2-A 40Ni/SiO2-A
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MW(g mol-1)
19.32 2,6-Dimethylphenol 122 5.2 2.7 ─ 1.5 ─ ─ 1.7 ─ 6.5 ─ ─19.93 Naphthalene 128 70.4 35.2 4.1 39.0 17.1 10.3 10.6 35.2 123.7 46.6 42.4
20.93 4-Isopropylphenol 136 ─ ─ ─ ─ ─ ─ ─ ─ ─ ─ 2.523.16 2-Methylnaphthalene 142 17.2 16.2 1.6 3.3 2.7 2.3 3.2 17.2 24.6 8.0 9.125.08 Biphenyl 154 19.1 20.9 2.1 1.7 2.8 2.9 3.5 42.5 45.5 9.2 18.2
25.32 2-ethylnaphthalene 156 1.8 1.0 ─ 1.1 0.8 ─ 0.7 2.7 2.0 2.0 ─
25.32 1-ethylnaphthalene 156 ─ 0.8 ─ 0.5 0.4 ─ 0.4 1.5 1.8 ─ ─25.54 2,6-dimethyl naphthalene 156 2.1 1.1 ─ ─ 0.7 ─ 0.7 3.7 2.8 1.9 3.426.16 1,4-dimethylnaphthalene 156 ─ ─ 1.2 0.8 0.6 ─ ─ 3.3 ─ ─ ─
27.47 Dibenzofuran 168 ─ ─ ─ 1.5 ─ 3.5 3.6 ─ ─ 7.0 18.7
28.51 Fluorene 166 42.0 51.1 4.5 ─ 5.2 5.6 7.5 136.4 58.5 15.0 37.2
29.28 1,3-diphenylpropane 196 ─ ─ 1.4 ─ ─ ─ ─ ─ ─ ─ 2.8
31.06 Phenanthrene 178 83.8 41.8 3.8 10.9 27.0 19.3 18.1 144.8 71.4 10.4 ─31.97 o -Terphenyl 230 1.5 0.7 1.5 0.9 0.7 0.6 0.6 2.3 1.6 1.6 2.734.17 Fluoranthene 202 24.3 5.5 2.8 5.6 2.8 2.5 2.0 11.1 9.5 3.1 8.134.48 Pyrene 202 32.8 23.1 3.2 7.8 13.6 3.9 2.8 24.2 12.8 2.9 28.934.62 m -Terphenyl 230 3.5 2.1 2.5 2.1 1.9 1.1 1.1 4.8 3.2 2.6 5.9
41.98 1,3,5-triphenylbenzene 306 2.4 2.5 2.1 1.6 1.2 ─ ─ 2.9 ─ ─ 3.31660.8 775.7 241.0 250.3 577.8 268.0 534.3 1673.2 1095.6 915.0 1079.5
1.7 0.8 0.2 0.3 0.6 0.3 0.5 1.7 1.1 0.9 1.1
40Ni/SiO2-C
Tar Concentration (µgtar/gRDF)Tar Concentration (mgtar/gRDF)
Ce-Ni/SiO2-B Mg-Ni/SiO2-B Al-Ni/SiO2-B 5Ni/SiO2-C 10Ni/SiO2-C 20Ni/SiO2-CRT (min) Assigned Peak 5Ni/SiO2-A 10Ni/SiO2-A 20Ni/SiO2-A 40Ni/SiO2-A
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From Table 5.1-4, it is observed that the major compounds in terms ofconcentration (µgcomp/gRDF), for most of the analysed samples were: styrene,phenol, indene, p-cresol, m-cresol, naphthalene, fluorene, and phenanthrene. Inthe previous Chapter 4 of the present work a qualitative GC-MS analysis of thetar samples from the pyrolysis-gasification of RDF using Ni/Al2O3 catalysts wasreported. In Chapter 4 tar compounds such as naphthalene, biphenyl, fluorene,phenanthrene, methylnaphthalene, catechols and alcohols were identified in theanalysed tar samples. From those compounds naphthalene, fluorene andphenanthrene were also identified and reported in Table 5.1-4. Some otherauthors have also identified similar compounds when analysing tars from thepyrolysis of RDF [32], and tars derived from biomass gasification using asecondary tar cleaning system [33]. From the major tar compounds identified inthe analysed samples (Table 5.1-4), the following Figure 5.1-2, shows the trends
observed in terms of concentration (μgcompound/gRDF).
Figure 5.1-2. Trends in concentrations for major tar compounds identified in theanalysed samples
From Figure 5.1-2, it was observed that major concentrations for the reportedtar compounds were obtained when using the low nickel loading for the sol-gel
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catalyst (5Ni/SiO2-A), and all the series of catalysts prepared by impregnationmethod (series C).
Also from the concentration values shown in Table 5.1-4, a reduction in the totaltar concentration from 1.66 to 0.24 mgtar/gRDF as the nickel loading wasincreased for the sol-gel catalysts (series A). The tar concentration for the20Ni/SiO2-A and 40Ni/SiO2-A catalysts was quite similar (~0.25 mgtar/gRDF),this indicates that no major tar reduction was attained for a nickel loadinghigher than 20wt.% for the catalysts prepared by the sol-gel method. For theseries of sol-gel catalysts, it was also observed a remarkable reduction from1.66 mgtar/gRDF to 0.24mgtar/gRDF, when increasing the nickel loading in theNi/SiO2 catalysts from 5 up to 20wt.%. However it was noted a slight increase inthe tar concentration to 0.25mgtar/gRDF when the nickel loading was furtherincreased to 40wt.%.
It was expected that a further reduction in the tar formation might occur whenadding Al, Mg, or Ce to the 20Ni/SiO2 catalyst (Table 5.1-4). This forecast wasbased on a reported increase in the catalytic activity by adding metal-promoters,through the promotion of cracking reactions, for example during the partialoxidation of methane [34]. Among the three metal-promoters added, the highestactivity in terms of tar reduction was shown by the Mg-Ni/SiO2 catalyst (Figure5.1-3), resulting in a tar content of 0.25 mgtar/gRDF (Table 5.1-4), whereas Al andCe-Ni/SiO2 catalysts reported about twice that value. It has been reported thatthe addition of CeO2 to nickel-based catalysts promoted major tar removalduring biomass gasification, when compared with a conventional nickel-basedcatalyst [35, 36]. For example Kimura et al [35], reported that the addition ofCeO2 to a Ni/Al2O3 catalyst, promoted the conversion of tar and coke to CO, H2and CH4 during the biomass steam gasification of biomass. Also Wang et al [29],reported that the addition of MgO to Ni/SiO2 catalyst improved coke resistanceand reduced the sintering of nickel particles; hence the catalytic activity of thecatalyst was improved. However in this work the production of tar of hydrogenwere not improved by adding Mg, Al or Ce as metal promoters to the sol-gel Nibased catalyst, which might be due to the reduction in the surface area for these
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catalysts not allowed an even dispersion of both metals, resulting in a reductionin the promotion of cracking and reforming reactions.
From Table 5.1-4, it was observed that for the Ni/SiO2 catalysts prepared byimpregnation method (series C), the tar concentration was reduced from 1.67up to 0.60 mgtar/gRDF when the Ni loading was increased from 5 to 20 wt.%, butincreased again up to 0.98 mgtar/gRDF when using the 40Ni/SiO2-C catalyst. Thistrend might be related to the sintering of nickel particles due to the high nickelloading, resulting in lower catalytic activity. Mark and Maier [37], reported thatincreasing the metal content in catalysts could lead to a decrease in the metaldispersion. Therefore, it was suggested that for the 40Ni/SiO2-C catalyst a nickelloading of 40wt.% was too high to improve the catalyst’s activity towardshydrogen production from pyrolysis/gasification of RDF. Besides by increasingthe nickel loading from 20 to 40wt.%, some of the catalyst properties werenegatively influenced, such as the surface area that was reduced 9.7 and 6.3m2g-1 (Table 5.1-2).
Diverse classifications of tar compounds have been previously reported in theliterature by different authors [38-41], most of these classifications are basedon the number of aromatic rings of the different compounds found in tarsamples from different sources. Based on this classification the identified tarcompounds shown in Table 5.1-4, were grouped and are presented in Table5.1-5.
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Table 5.1-5. Classification of tar compounds found in analysed tar samples
There is also a tar Class 1 normally referred to as GC-undetectable compounds,thus it was not considered in the classification shown in Table 5.1-5. Tar Class 2mainly includes heterocyclic compounds; compounds with 1 aromatic ring weregrouped in Class 3; light polyaromatic compounds in Class 4, and tar Class 5grouped heavy polyaromatic compounds. Once the identified compounds weregrouped, general tar concentrations per Class were calculated and these valuesare shown in Figure 5.1-3.
Figure 5.1-3. Concentration of tar classes using different catalysts
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From Figure 5.1-3 it was noted that for all the analysed samples the major tarcontribution came from tar Class 2; these tars are sometimes referred to asprimary tars and are known to contain mainly oxygenated compounds witharomatic and aliphatic structures [42]. Among the compounds grouped in tarClass 2, the major contribution came from the compound phenol for all theanalysed samples (Table 5.1-4 and Figure 5.1-2). In general it was noted that forthe sol-gel catalysts (A series), the concentration of the tar Class 2 was reducedas the Ni loading was increased (Figure 5.1-3), also the concentration of phenolfollowed a similar trend (Figure 5.1-2). This reduction can be related to the porediameter of the sol-gel catalysts because the pore diameter was increased as theNi loading was increased (Table 5.1-2), and also with the promotion of crackingof the heterocyclic aromatic compounds. From Table 5.1-4, for the metal-promoted catalysts (series B), the highest phenol concentration was obtainedfor the Ce-Ni/SiO2-B catalyst, and the lowest concentration was attained usingthe Mg-Ni/SiO2-B catalyst (Figure 5.1-2). From Figure 5.1-3, the lowerconcentration of tar Class 2, was attained using the Ce and Al Ni/SiO2-B catalysts,whereas a remarkable reduction was attained using Mg as the metal promoter.This difference might be attributed to the long-term stability of the catalyst dueto the addition of metal-promoters to the Ni/SiO2 catalysts, and also to the lowsintering of Ni particles and high coke resistance reported previously by Wangand Lu [29].
From Figure 5.1-3 it was also observed that the concentration of tar Class 3,from single ring aromatic compounds, was reduced as the Ni loading wasincreased for the sol-gel catalysts (series A). A concentration of 0.1 mgtar-Class3/gRDF for the tar Class 3, was obtained using both 20 and 40Ni/SiO2-Acatalysts. This might suggest that the increase in the Ni loading from 20 wt.% to40 wt.% for the sol-gel catalyst, does not have a positive effect over thereduction of single ring aromatic compounds (Class 3). For metal-promotedcatalysts (series B) the concentration of tar Class 3 was 0.04 mgtar-Class3/gRDF forboth Ce and Al Ni/SiO2-B catalysts, whereas a lower concentration of 0.02 mgtar-Class3/gRDF was obtained using the Mg-Ni/SiO2-B catalyst. This reduction mightbe related to the nature of the metal that might be promoting more of the
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cracking of single ring aromatic compounds. For example, it has been reportedthat the addition of Mg might stabilize the Ni crystallite, improving in this waythe catalytic activity of the catalyst [43]. For the catalysts prepared by theimpregnation method, the lowest concentration of the tar Class 3 was attainedusing the 5Ni/SiO2-C catalyst; while somewhat similar concentrations werereported using the 10, 20 and 40 Ni/SiO2-C catalysts. Therefore no major effectof the metal loading over the catalytic activity towards reduction of tar Class 3was observed for the impregnated catalysts (Figure 5.1-3).
Naphthalene was included in the tar Class 4, which contributed significantly tothe concentration of tar for all the analysed samples (Figure 5.1-3). Naphthalenehas been identified as one of the major tar compounds in tar samples from thepyrolysis and/or gasification process [44, 45]. For example Abu El-Rub et al [46],used naphthalene and phenol as tar model compounds to measure tar reductionduring the gasification process, using different catalyst types. Devi andcollaborators [47], used naphthalene as a tar model compound, with olivine asthe catalyst in order to improve the naphthalene conversion. Considering this,the reduction of naphthalene can be used as a measure of the efficiency of theprepared catalysts. From Figure 5.1-2, a reduction in the naphthaleneconcentration was observed as the Ni loading was increased for the sol-gelcatalysts (series A), however a considerable increase was noted when using thehighest nickel loading of 40wt.%. A similar increase in the concentration ofother compounds such as styrene, indene, and phenanthrene; was alsoobserved using the 40Ni/SiO2-A catalyst which indicates that the reduction ofthese major compounds is not as effective as using the 20Ni/SiO2-A catalyst(Figure 5.1-2). This might also be related to the lower surface area andmesoporous volume reported for the 40Ni/SiO2-A catalyst (Table 5.1-2). Byusing the metal promoters Ce, Mg, and Al (series B), different concentrations ofnaphthalene were obtained with a better conversion using both Mg and AlNi/SiO2-B catalysts. However, the general concentrations of tar Class 4 usingthese metal-promoted catalysts were similar at 0.06 mgtar-Class4/gRDF, which wasslightly higher compared with the concentration of 0.02 mgtar-Class4/gRDFobtained using the 20Ni/SiO2-A catalyst. For the series of impregnated catalysts
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a reduction of naphthalene was observed for the 10Ni/SiO2-C catalyst (Figure5.1-2), but it is noted that using the 5Ni/SiO2-C catalyst the lowest naphthaleneconcentration was attained. This effect can also be observed for other lowmolecular weight compounds such as styrene, and indene, but for highermolecular weight compounds such as fluorene and phenanthrene, higherconcentrations were obtained using the 5Ni/SiO2-C catalyst (Figure 5.1-2). Thetotal concentration of tar Class 4 was reduced as the Ni loading was increasedfor the impregnated catalysts (series C). The lowest tar concentration attainedfor the impregnated catalysts, it was 0.15 mgtar-Class4/gRDF, when using the40Ni/SiO2-C catalyst (Figure 5.1-3 and Table 5.1-4).
Fluoranthene, pyrene and 1,3,5-triphenylbenzene were identified and includedin tar Class 5; the concentration of these compounds for all the samples wasvery low with a maximum tar concentration of 0.06 mgtar-Class5/gRDF using the5Ni/SiO2-A catalyst (Figure 5.1-3). A total conversion of tar Class 5 was attainedusing the Al-Ni/SiO2-B catalyst, while very low concentrations of around 0.01mgtar/gRDF were obtained using 20Ni/SiO2-A, 40Ni/SiO2-A, Mg-Ni/SiO2-B, and20-Ni/SiO2-C catalysts (Figure 5.1-3). This suggests that the conversion ofhigher molecular weight compounds (>200 g mol-1) included in Class 5, can beattained using Ni loadings from 20 wt.%, but also the influence of thepreparation method should be considered, as for the 40-Ni/SiO2-C catalyst ahigher concentration of the tar Class 5 was attained (Figure 5.1-3).
From Table 5.1-4, the best catalytic activity towards tar reduction was attainedusing the 20-Ni/SiO2-A, 40-Ni/SiO2-A, and Mg-Ni/SiO2-B catalysts, resulting intar concentrations lower than 0.3 mgtar/gRDF. These catalysts were also found tohave better performance in terms of hydrogen production as shown in Table5.1-3.
The highest styrene, indene, and naphthalene conversions were obtained usingthe 20Ni/SiO2-A catalyst (Figure 5.1-2), while the best phenol and fluoreneconversions were obtained using the 40-Ni/SiO2-A catalyst (Figure 5.1-2). The
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highest fluoranthene and phenanthrene conversions were attained using the Al-Ni/SiO2-B and 40-Ni/SiO2-C catalysts respectively (Table 5.1-4 and Figure 5.1-2).
In general, the conversion of hydrocarbons during the gasification processmight be attributed to steam cracking and CO2 reforming reactions; thedecrease in hydrocarbons is associated with an increase in hydrogen with amore effective catalyst [25].
5.1.4 Analysis of reacted Ni/SiO2 catalysts
The reacted catalysts were analysed by temperature-programmed oxidation(TPO) and SEM, in order to characterize the carbon deposited over the catalystssurfaces.
5.1.4.1 Thermogravimetric analysis (TGA)
In order to carry out the thermogravimetric analysis of coked carbons depositedover the surface of reacted catalysts, a Stanton-Redcroft thermogravimetricanalyser (TGA) was used; their respective differential thermogravimetric (DTG)results were also obtained. Details about thermogravimetric analysis carriedout on the reacted catalysts, have been described in Chapter 3, Section 3.4.2.6 ofthis work. However a brief description is as follows. Around 20 mg of the usedcatalyst was placed in the TGA sample crucible, and heated in an air atmosphereat 15 °C min-1 to a final temperature of 800 °C, with a dwell time of 10 minutes.The TGA curves and their respective differential curves are shown in Figure5.1-4.
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Figure 5.1-4. DTG-TPO and TGA-TPO analysis from reacted Ni/SiO2 catalysts
In general it has been reported in the literature that at least three differentstages can be identified in thermogravimetric curves from reacted catalysts [3,48, 49]. The first stage from 0 °C to 100 °C, is normally related with a massdecrease associated with water vaporization or moisture contained in thesample [1]. The second stage is normally around 350 °C and is related with theNi phase oxidation, and the final stage of the thermogram comes from the
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carbon combustion normally after 400 °C [3]. The TGA curves can also giveinformation about the type of carbon formed within the surface of the catalyst.For example the thermograms corresponding to amorphous type carbons aresuggested to initiate oxidation, and therefore weight loss, at around 500 °C,whereas those from filamentous carbons can be identified from their oxidationat a temperature of 600 °C [48, 50].
The DTG-TPO thermogram plotted for the reacted 5Ni/SiO2-A sol-gel catalysts(Figure 5.1-4(a)), showed almost a straight line, which might be due to the lowNi loading and also due to the small amount of carbon deposition over thiscatalyst. In the TGA-TPO thermograms, a weight decrease before 100 °C wasinitially observed for the 5, 10 and 20 wt.% Ni/SiO2-A reacted catalysts, whichmight be related to initial water vaporization. The DTG-TPO curves for thereacted 10, 20 and 40 wt.% Ni/SiO2-A catalysts presented different peaks atdifferent temperatures, the initial weight increase at around 350 °C wasattributed to Ni oxidation, as this peak seemed to increase as the Ni loading inthe catalysts was increased. From Figure 5.1-4(a), at least two peaks can beidentified around 600 °C for the DTG-TPO thermogram of 10Ni/SiO2-A, and20Ni/SiO2-A reacted catalysts. This might suggest the deposition of filamentouscarbon on to the catalysts after pyrolysis-gasification of RDF, as the oxidation offilamentous carbon was suggested to start to be formed around 600 °C [3]. It issuggested that cracking of hydrocarbons and tars, resulted in the formation andfurther deposition of carbons in the reacted catalysts. From Figure 5.1-4(a), itseems that the carbon deposition is increased as the Ni loading was increasedfrom 5 up to 20wt.%, however for the nickel loading of 40wt.% the cokedeposition seemed to be decreased which might be related with lowerpromotion of coke-steam reactions when using the latter catalyst.
Figure 5.1-4(b), shows the thermograms for the Mg, Ce, and Al Ni/SiO2-B metal-added catalysts; the initial decrease in both TGA and DTG thermograms wasmainly attributed to moisture loss. After that the weight increase was related tometal oxidation in the catalysts. The three catalysts presented similarthermogravimetric curves however two peaks from the Mg and Ce Ni/SiO2-B
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catalysts appear at around 400 °C (DTG-TPO), while the Al-Ni/SiO2-B reactedcatalyst peak appear around 600 °C. This difference can be related to the natureof the promoter added as for example Wang and Lu [23], reported that theaddition of metal oxides might influence the activity of the supported metalcatalyst and also the coke formation on the catalyst surface. They stated that theaddition of alkaline-earth metal promoters such as Mg to Ni/Al2O3 catalystscould significantly reduce coke formation on the catalyst surface during the CO2reforming of methane. Probably due to this, the reacted Mg-Ni/SiO2-B catalysthas a smaller oxidation peak when compared with the other metal-promotedcatalysts. Also from the DTG-TGA thermograms (Figure 5.1-4(b)), two differentpeaks can be observed which was probably due to the deposition of differenttypes of carbon over the reacted catalysts. Most likely amorphous carbon wasformed on the Ce and Mg-Ni/SiO2-B catalysts, whereas filamentous carboncould be found in the Al-Ni/SiO2-B reacted catalyst.
From Figure 5.1-4(c), it can be noted that both TGA-TPO and DTG-TPOthermograms for the reacted impregnated catalysts, were displaced as thenickel loading was increased. This was probably due to more nickel particlesbeing available for oxidation at higher Ni loadings. When comparing the TPOthermograms for the 20Ni/SiO2-A and 20Ni/SiO2-C catalysts prepared by thesol-gel and impregnation methods respectively (Figure 5.1-4(a), and Figure5.1-4(c)), the carbon combustion for the sol-gel catalyst appeared after 600 °C(Figure 5.1-4(a)), whereas for the impregnated catalyst (Figure 5.1-4(c)) wasimmediately after 400 °C. Therefore it was suggested that for reactedimpregnated catalysts, amorphous carbons were formed; while for the reactedsol-gel catalysts the deposition of filamentous carbon was preferential.
5.1.4.2 Scanning electron microscopy (SEM)
A high-resolution scanning electron microscope (SEM, LEO 1530) was used tocharacterize and examine the carbon deposited on the reacted catalysts(Chapter 3, Section 3.4.2.7).The results are shown in Figure 5.1-5.
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Figure 5.1-5. Scanning electron images (SEM) of reacted Ni/SiO2 catalysts
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From Figure 5.1-5, some filamentous carbons were observed over the surface ofthe reacted sol-gel catalysts (5, 10, 20, 40 Ni/SiO2-A), this observation wasconsistent with the results from the thermogravimetric analysis (Figure5.1-4(a)). For the SEM analysis of the reacted metal-promoted catalysts it wasobserved that different amounts of filamentous and probably amorphouscarbon were deposited over the surface of the Mg-Ni/SiO2-B, Al-Ni/SiO2-B, andCe-Ni/SiO2-B catalysts. The images of the Mg-Ni/SiO2-B and Ce-Ni/SiO2-Bcatalysts were more similar, whereas the SEM image of the Al-Ni/SiO2 catalystdiffers regarding the type of coke deposited. Comparing this with thethermogravimetric analysis results shown in Figure 5.1-4(b), the DTG-TPOcurve of the Al-Ni/SiO2-B catalyst showed the main peak at higher temperatureswhen compared with the other two reacted catalysts (series B); which mightsuggest the formation of two different carbon types over the surface of the Al-Ni/SiO2-B reacted catalyst. Finally the images obtained from the SEM analysis ofreacted impregnated catalysts, showed very little coke deposition which wasmainly from amorphous type carbon.
When comparing both thermogravimetric and SEM results (Figure 5.1-4, andFigure 5.1-5), it was observed that filamentous carbons tend to be depositedover the reacted Ni/SiO2 sol-gel catalysts, whilst amorphous carbons aredeposited over the reacted catalysts prepared by the impregnation method.Also two different types of carbon (filamentous and amorphous) were identifiedover the metal-promoted reacted catalysts; however the amount of each oneinfluenced the trends in the DTG-TPO thermogram.
5.1.5 Summary of Ni/SiO2 characteristics and performance
In Section 5.1, a series of Ni/SiO2 catalysts were prepared using different metalpromoters and preparation methods. In addition the resulting catalysts werecharacterised and investigated for their efficiency in relation to hydrogenproduction and tar reduction during the pyrolysis/gasification of RDF in a two-stage reaction system.
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It was found that the series of Ni/SiO2 catalysts prepared by the sol-gel methodwere effective to promote an increase in the hydrogen concentration, anincrease in the produced syngas, and to reduce the tar formation. The bestperformance for this series of sol-gel catalysts was attained using the Ni/SiO2catalyst prepared using a nickel loading of 20 wt.%. Also Ni/SiO2 catalystsprepared by sol-gel showed better characteristics such as high surface area,mesoporous volume, and particle size, when compared with the catalystsprepared by impregnation method.
It was expected that the addition of metal-promoters such as Ce, Mg or Al to the20 wt.% Ni/SiO2 sol-gel catalyst, would result in an improvement on catalystsproperties, hydrogen production and tar reduction; nevertheless fromexperimental data there was no significant positive influence.
When analysing the reacted Ni/SiO2 catalysts through thermogravimetricanalysis and scanning electron microscopy techniques, it was found thatfilamentous carbons were more likely to be deposited over reacted sol-gelcatalysts, whereas amorphous carbons were identified over the surface ofreacted impregnated catalysts. Both types of carbon were found to be depositedover the reacted metal-promoted catalysts, depending on the metal nature andon its interaction with the Ni phase.
In general the tar from the pyrolysis-gasification of RDF was found to containmainly styrene, phenol, indene, cresols, naphthalene, fluorene, andphenanthrene, from the alkene and alcohol functional groups.
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5.2 Effects of nickel to citric acid ratio (Ni:CA)The effects of modifying the catalyst preparation method and raw materialsover both catalysts properties and catalysts activity were addressed in theprevious Section 5.1. When preparing Ni/SiO2 catalysts through the sol-gelmethod, TEOS and citric acid are normally used to generate the silica gel; inaddition the variation of the nickel to citric acid ratio (Ni:CA) has been reportedto influence both the catalyst properties and catalyst activity. For example it hasbeen reported [1], that varying the Ni:CA ratio influenced the catalytic activityfor hydrogen production, during the steam reforming of ethanol . Takahashi etal [2], have also reported the effects of varying the amount of citric acid, on theformation of mesoporous amorphous silica during the preparation of Ni/SiO2catalysts. This section therefore examines the effects of modifying the Ni:CAratio in relation to the catalysts properties. A series of three different catalystswere prepared using Ni:CA ratios of 1:1, 1:2, and 1:3, the resulting catalystswere assigned to Ni/SiO2-A, Ni/SiO2-B, and Ni/SiO2-C, respectively.
Furthermore, the catalyst performance was studied for hydrogen productionand tar reduction during the pyrolysis-gasification of RDF. The results from theinvestigations of these two parameters were compared with results obtainedfrom blank experiments using a silica bed instead of catalysts. The catalyticactivity was studied using the two-stage reactor system (Chapter 3).
5.2.1 Catalysts preparation and characterization
Details regarding the preparation method of the Ni/SiO2 catalysts used in thisSection can be found in Chapter 3, Section 3.2.2.3. Three different Ni/SiO2catalysts were prepared by a sol-gel method, the amount of citric acid wasvaried to obtain Ni:CA ratios of 1:1, 1:2, and 1:3. Initially the catalysts werecharacterised to identify their surface area and porous properties using the BETanalysis (Brunauer, Emmet and Teller), and the obtained results are shown inTable 5.2-1.
- 175 -
Table 5.2-1. Surface area and porous properties Ni/SiO2 catalysts
1 MultiPoint Brunauer, Emmett &Teller (BET) Method2 Dubinin-Radushkevich (DR) Method3 Barrett, Joyner & Halenda (BJH) Method
From Table 5.2-1, it was observed that the lowest surface area value wasreported for the Ni/SiO2-A catalyst, then it was increased to more than 700 m2g-1 as the Ni:CA ratio was increased. However a reduction in the surface areawas noted by changing the Ni:CA from 1:2 to 1:3; this effect might be due to thehigher amount of citric acid which generated polymeric networks rather thanparticle aggregates promoting a higher swelling of the wet silica gel [2]. Duringthe catalyst preparation the citric acid also altered the pH of the solution, whichwould also influence the nickel aggregation and the formation of SiO2 particles.
The micropore and mesoporous volumes of the catalysts were obtained usingthe Dubinin-Radushkevich (DR) method [3]; whereas the total pore volume andthe pore diameter were obtained using the Barrett, Joyner & Halenda (BJH)method [4]. The methodology used has been previously described in theChapter 3, Section 3.4.2.1. Table 5.2-1, showed that the mesoporous volume, thetotal pore volume and pore diameter increased as the Ni:CA ratio was increased.This trend was attributed to the variation in the citric acid during thepreparation as the nickel loading was maintained constant. For examplechanges in the pore volume of Ni/SiO2 catalysts, have been associated tovariations in the volume of citric acid during the catalysts preparation [5]. Theoriginal spaces occupied by the citric acid turned into pores after the citric acidelimination during the calcination process, resulting in changes in the porediameter. An increase in the pore size might also indicate that the citric acid iswell dispersed in CA-silica composites in the form of nanocomposites [2].
From the pore diameter values shown in Table 5.2-1, it was noted that theresulting Ni/SiO2 catalysts are considered mesoporous materials since the pore
Catalyst Nicontent(wt%) Ni:CAratio Surface area1(m2 g-1) Microporevolume2(cm3 g-1) Mesoporousvolume2(cm3 g-1) Total porevolume3(cm3 g-1) Porediameter3(nm)Ni/SiO2-A 20 1:1 547.5 0.270 0.090 0.150 3.818Ni/SiO2-B 20 1:2 788.2 0.390 0.363 0.548 4.312Ni/SiO2-C 20 1:3 756.4 0.389 0.602 0.884 6.608
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diameter values are within 2-50 nm [6]. The N2 adsorption-desorptionisotherms from the analysis of fresh catalysts, are shown in Figure 5.2-1.
Figure 5.2-1. BET adsorption-desorption isotherms of Ni/SiO2 catalysts
From Figure 5.2-1, it was noted a displacement of the characteristic hysteresisloop into the multilayer region at higher pressures, as the Ni:CA ratio wasincreased. Based on the International Union of Pure & Applied Chemistry(IUPAC) classification of isotherms [6], the isotherm from the Ni/SiO2-A catalyst(Ni:CA 1:1), seems to be a combination between type I and type IV isotherms,with a hysteresis loop of the H2 type. The combination of these types ofisotherms might suggest a material with limited pore size and very smallexternal surface area, whereas the hysteresis loop might result from a complexpore structure and a network with pores of different shapes and sizes [7]. Onthe other hand, the isotherms from the Ni/SiO2-B and Ni/SiO2-C catalystsdepicted a similar trend with an isotherm of type IV, as a result of the filling andemptying of mesopores by capillary condensation. Moreover the hysteresis loopof the H1 type, is normally associated with adsorbents with a narrowdistribution of uniform pores [7].
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5.2.2 Study of the catalytic activity
The synthesised catalysts were tested for their ability toward hydrogenproduction and tar reduction during the pyrolysis-gasification of RDF. Theexperimental conditions have been previously described in Chapter 3, Section3.3. The catalytic activity was examined in relation to hydrogen production. Theproduced gases were subjected to gas chromatography analysis, and theconcentration of permanent and light hydrocarbons was determined on a N2free basis. In addition the gas and residue yields were also calculated togetherwith the general mass balance for each experiment. The results from the GCanalysis and other results obtained are shown in Table 5.2-2.
Table 5.2-2. Gas composition, product yields and mass balance
From Table 5.2-2, the gas yield was calculated considering the final weight ofthe produced gas, the tar/oil fraction collected, and the RDF residue, divided bythe initial weight of the RDF sample plus the steam added during theexperiment, as shown in Equation 5.2-1.
݉ ܽݏݏܾܽ ݈ܽ ݊ܿ݁ = ݃ ܽݏ݌ݎ݋݀ ݑ ܿݐݏ+ ݈݅ݍݑ݅݀ ݌ݎ݋݀ ݑ ܿݐݏ+ ℎܿ ܽݎ(݁ݎ ݅ݏ݀ݑ )݁
ܴܦܨ + ܵݑ݌݌݈ ݅݁ ݀ ݓ ܽ݁ݐ ݎ Equation 5.2-1
From Table 5.2-2, it was noted that the residue yield was around 30%, which isrelated with the constant amount of initial RDF sample used for all theexperiments. The aforementioned yield means that about 70wt.% of the initialRDF sample was converted into liquid and/or gaseous products. For theexperiment carried out with the sand bed, about 50wt.% of gas yield wasattained; whereas the gas yield was increased up to 71wt.% in the presence ofthe Ni/SiO2 catalysts. About 24vol.% of hydrogen concentration was obtained
Catalyst Gas composition (Vol.%, N2 free) Gas Yield(wt.%) ResidueYield (%) Mass Balance(wt.%)CO H2 CO2 CH4 C2-C4Ni/SiO2-A 17.7 56.6 21.3 3.1 1.3 71.1 29.5 96.3Ni/SiO2-B 18.8 57.8 20.1 2.4 0.9 71.2 30.3 93.7Ni/SiO2-C 18.4 57.9 20.7 2.2 0.8 68.7 29.8 91.6Sand 22.3 24.3 20.7 19.0 13.7 50.0 30.5 96.5
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using the sand bed, however when using the Ni/SiO2 catalyst bed, the H2concentration increased up to about 58vol.%. CO and CH4 concentrations werereduced, also a remarkable reduction in the concentration of light hydrocarbons(C2-C4) from about 14vol.% to less than 1vol.% was obtained when changing thebed from sand to the prepared Ni/SiO2 catalysts. CO concentrations were about22vol.% when using the sand bed and was further reduced to less than 18vol.%in the presence of the Ni/SiO2 catalysts. Changes in the concentration of theproduced gas can be explained due to the promotion of certain reactions takingplace during the thermal decomposition of RDF, some of these main reactionsare shown in Table 5.2-3 [8, 9].
Table 5.2-3. Reactions taking place during gasification
CnHm are hydrocarbons representing tars; CxHy hydrocarbons representing lighter tars.
The increase in the H2 concentration from the experiment using the sand bedcompared with those using Ni/SiO2 catalysts (Table 5.2-2), can be explained dueto the promotion of steam reforming and water-gas reactions (Reactions 1 and5, Table 5.2-3). Also the promotion of cracking reactions (Reactions 3 and 4,Table 5.2-3) might have contributed to the reduction in the concentrations ofCH4 and C2-C4 in the presence of Ni/SiO2 catalysts [10]. The similarity in theconcentrations of CO2 (~20 vol.%,) for all the experiments, might be relatedwith a similar promotion of the water-gas shift reaction (Reaction 5, Table5.2-3), however when using the catalysts other reactions were also promoted,resulting in changes in the concentrations of other gas compounds.
From Table 5.2-2, it was noted that there was a little influence by modifying theNi:CA ratio over the gas yield and also in the concentration of some gases. As forexample the H2 concentration attained was around 57wt.%, CO concentration
Reaction Type Reaction
Steam Reforming ݊ܥ ܪ݉ + ݊ܪ2ܱ ↔ ݊ܥܱ + ቀ݊ + ݉2ቁܪ2 (1)
Dry Reforming ݊ܥ ܪ݉ + ݊ܥܱ2 ↔ 2݊ܥܱ + ቀ݉2ቁܪ2 (2)
Thermal cracking ݊ܥ ܪ݉ ↔ ܥ∗ + ܥݔܪݕ + ݃ܽݏ (3)
Tars hydrocracking ݊ܥ ܪ݉ + ܪ2 ↔ ܥܱ + ܪ2 + ܥܪ4 + ⋯+ ݋ܿ݇ ݁ (4)
Water-gas shift reaction ܥܱ + ܪ2ܱ ↔ ܥܱ2 + ܪ2 (5)
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about 18wt.%, and CO2 concentrations around 20wt.% for all the Ni/SiO2catalysts. However using the Ni/SiO2-A catalyst about 3wt.% and 1wt.%concentrations for CH4 and C2-C4 were obtained, and were further reduced up to~2wt.% and 0.8wt.% respectively, as the Ni:CA ratio was increased up to 1:3.This reduction in the concentration might be related with a higher promotion ofcracking reactions (Reactions 3 and 4, Table 5.2-3), followed by a release of H2,and hence an increase in its concentration when using higher citric acid duringthe catalysts preparation [11].
Wu et al [1], have previously studied the variation of Ni:CA ratios during theNi/SiO2 preparation, specifically the effects over the catalytic activity duringethanol steam reforming. They found an increase in both hydrogenconcentration and gas yield as the nickel to citric acid ratio was increased from1:0.5 to 1:1; however they reported that the further increase in the Ni:CA,resulted in a decrease in the gas yield. This is in accordance with the presentresults (Table 5.2-2), as it seems the gas yield was slightly reduced when theNi:CA ratio was increased from 1:2 to 1:3.
5.2.3 Analysis of the tar fraction
Tar/oil samples were collected from the condensers after each experimentusing dichloromethane. The details about the sample collection, preparationand analysis are given in the Chapter 3, Section 3.4.3. The samples wereprepared using centrifugation in order to evaporate the organic solvent(dichloromethane, DCM); afterwards the samples were analysed using gaschromatography and mass spectrometry (GC-MS). The assigned compounds,elution retention time, molecular weight, compound concentration(µgcompound/gRDF), and global tar concentration values (mgtar/gRDF), are shown inTable 5.2-4.
- 180 -
Table 5.2-4. Identification of tar compounds using GC-MS analysis(µgcompound/gRDF)
From Table 5.2-4, it was observed that major contributions for all the tarsamples came from phenol, cresols, naphthalene, fluorene and phenanthrenecompounds. Some compounds such as styrene, phenol, naphthalene andphenanthrene have been previously identified in tar samples from the catalyticsteam reforming of RDF [12, 13]. The highest tar concentration of 1.7 mgtar/gRDFwas attained using the bed of sand; whereas significant improvement in tardecomposition was attained using the Ni/SiO2 catalysts, reducing to 0.15
RT(min) Assigned Peak MW (g mol-1) Ni/SiO2-A Ni/SiO2-B Ni/SiO2-C SAND
7.84 Furfural 96 ─ 5.39 1.52 28.77 7.81 Cyclopentanone 84 ─ 5.40 1.45 ─8.67 Ethylbenzene 106 ─ ─ ─ 16.75
9.02 p-Xylene 106 4.51 ─ 3.06 43.61 9.02 m-Xylene 106 4.42 ─ 3.18 42.119.86 Styrene 104 1.08 2.46 1.41 141.509.89 o-Xylene 106 ─ ─ ─ 11.95
12.45 Alphamethylstyrene 118 ─ ─ ─ 15.20 13.12 Betamethylstyrene 118 ─ ─ ─ 9.1113.36 Phenol 94 61.68 255.09 183.82 613.56
14.78 s-Limonene 136 ─ ─ ─ 15.24 
14.97 Indane 118 ─ 0.20 ─ 1.54 15.35 Indene 116 4.88 11.31 1.23 90.3415.69 o-Cresol 108 2.07 6.82 2.72 36.10
16.14 Acetophenone 120 1.22 ─ 0.99 ─ 16.47 p-Cresol 108 3.53 16.2 5.58 65.1616.48 m-Cresol 108 3.41 14.65 5.34 63.66
16.58 2-methoxyphenol 124 ─ ─ ─ 24.79 17.38 2-Methylbenzofuran 132 0.78 ─ ─ ─ 18.61 2,4-Dimethylphenol 122 ─ ─ ─ 5.63
19.27 Ethylphenol 122 ─ ─ ─ 13.59 
19.27 2,6-Dimethylphenol 122 ─ ─ ─ 17.75 20.98 Naphthalene 128 19.14 79.20 4.11 58.1820.98 2,3,5-Trimethylphenol 136 ─ ─ ─ 2.0823.16 2-Methylnaphthalene 142 2.27 6.66 1.62 97.0025.08 Biphenyl 154 2.06 4.61 2.06 69.2025.32 2-ethylnaphthalene 156 ─ ─ ─ ─25.54 2,6-dimethyl naphthalene 156 ─ ─ ─ 1.0426.16 1,4-dimethylnaphthalene 156 ─ 1.43 1.21 0.95 27.47 Dibenzofuran 168 3.37 3.70 ─ 24.1328.51 Fluorene 166 6.59 10.62 4.51 50.10
29.28 1,3-diphenylpropane 196 ─ ─ 1.36 1.19 
29.34 2-Phenylphenol 170 ─ ─ ─ 13.32 31.06 Phenanthrene 178 15.50 41.25 3.81 51.1131.74 1-Phenylnaphthalene 204 ─ ─ ─ 1.40
31.97 o-Terphenyl 230 1.53 ─ 1.46 ─ 34.17 Fluoranthene 202 3.17 4.63 2.78 24.6634.48 Pyrene 202 3.11 4.43 3.16 35.8634.62 m-Terphenyl 230 2.64 2.82 2.49 29.9941.98 1,3,5-triphenylbenzene 306 ─ ─ 2.13 ─ Tar Concentration (µgtar/gRDF) 149.04 476.87 241.03 1716.52Tar Concentration (mgtar/gRDF) 0.15 0.48 0.24 1.72
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mgtar/gRDF. Considering the tar classification previously addressed in Section5.1.3 (Table 5.1-5), the tar compounds reported in Table 5.2-4 were groupedaccordingly from tar Class 2 to Class 5. Figure 5.2-2, shows the concentrationsfor each tar class.
Figure 5.2-2. Classification of tar compounds
Figure 5.2-2, shows that the most abundant groups are tar Class 2 and Class 4for all the samples, whereas lower concentrations of tar Class 3 and Class 5were observed. Also a high catalytic activity for tar cracking is observed for theexperiments carried out using the Ni/SiO2 catalysts, when compared with theexperiment carried out using the bed sand. Tar Class 2 includes heterocyclicaromatic compounds such as phenol which showed the highest concentrationranging from 62 up to 613 µgphenol/gRDF (Table 5.2-4). Phenol is a relevant tarcompound, as it has been referred to as tar model compound due to its majorpresence in tar samples [14, 15]. From Table 5.2-4, a significant catalytic activityfor phenol conversion when using the Ni/SiO2-A catalyst (Ni:CA, 1:1) wasobserved, the resulting phenol concentration was 62 µgphenol/gRDF. Whereas aconcentration of ca. 613 µgphenol/gRDF, was obtained using the sand bed. Theformation mechanism of aromatic hydrocarbons such as naphthalene and(methyl)indenes has been previously reported by Larsen and Egsgaard [16],and is shown in Figure 5.2-3. In general the cyclopentadienes resulting from thedecarbonylation reaction undergoes a Diels-Alder reaction leading to dimer
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formation. The system is then rearranged by further loss of hydrogen resultingin the formation of naphthalene and indene. This suggests that phenol is theprecursor for the formation of naphthalene and (methyl)indene, during thepyrolysis process (Figure 5.2-3).
Figure 5.2-3. Pyrolysis of phenol (a); formation mechanism of naphthalene and(methyl)indene (b)
Figure 5.2-2, shows the reduction in the concentration of tar Class 3 when theNi:CA ratio was increased from 1:1 to 1:2, however when the Ni:CA was furtherincreased to 1:3 (Ni/SiO2-C), the concentration of tar Class 3 was slightlyincreased. This effect might be related with the cracking properties of thecatalyst, as the higher citric acid concentrations avoided the rupture of lightercompounds (1-Ring). Therefore more efficient catalytic activities might bepresent for higher aromatic compounds. In the tar Class 4 (Figure 5.2-2),grouped compounds including naphthalene and their methyl derivatives can befound along with phenanthrene, biphenyl and fluorene (Table 5.2-4). When theNi:CA ratio was increased from 1:2 (Ni/SiO2-B) up to 1:3 (Ni/SiO2-C), aremarkable reduction in tar Class 4 was detected; the higher concentration ofcitric acid might have promoted the formation of higher pore volume and porediameters in the catalyst structure (Table 5.2-1),which at the same time mighthave allowed larger molecules to be reformed by passing through the catalystpore structure [1]. In general the concentration of the tar Class 5 was very lowfor all the experiments carried out, ranging from ca. 6 up to 9 µgtar-Class5/gRDF.From the analysed tar samples, major contributions to the tar Class 5, camefrom fluoranthene and pyrene. For the sand experiment, the lowest tarconcentration was also related to tar Class 5, with a value of 9 µgtar-Class5/gRDF.Matas Güell et al [15], reported that the overall tar dew point seems to begoverned by tar Class 5 despite its relatively low concentration. This feature is
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highly relevant for the study of associated tar problems and with the use of theproduct gas downstream.
Major contribution to the concentrations of the tar samples analysed, came fromphenol, cresols, naphthalene, fluorene and phenanthrene (Table 5.2-4). Thecatalytic activity for phenol and cresols was as follows: Ni/SiO2-A > Ni/SiO2-C >Ni/SiO2-B; for naphthalene and fluorene: Ni/SiO2-C > Ni/SiO2-A > Ni/SiO2-B; andfor phenanthrene Ni/SiO2-C > Ni/SiO2-A > Ni/SiO2-B. Therefore the Ni/SiO2-Ccatalyst presented the best performance in terms of major tar compoundsreduction, although final tar concentrations of 0.2 mgtar/gRDF was attained usingboth Ni/SiO2-A and Ni/SiO2-C catalysts.
5.2.4 Analysis of reacted catalysts
Thermogravimetric analysis (TGA), was used in order to study the carbondeposition over the reacted Ni/SiO2 catalysts; the resulting temperatureprogrammed oxidation curves (TGA-TPO), and their respective derivativecurves (DTG-TPO) are shown in Figure 5.2-4.
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Figure 5.2-4. DTG-TPO (a) and TGA-TPO (b) of reacted Ni/SiO2 catalysts
From Figure 5.2-4, different stages related to changes in the weight wereobserved for the thermogravimetric curves from the reacted Ni/SiO2 catalysts.As mentioned in the TGA analysis in the previous Section 5.1, the initial weightlost (~100 °C) is normally associated with evaporation of water or moisture [1](Figure 5.2-4(b)). After this initial weight loss, all the thermograms tend toincrease from 350 °C up to 600 °C, and finally a weight decrease was noticed.Similar trends in the derivative thermograms (Figure 5.2-4(a)), indicated thenickel oxidation associated with the weight increase, followed by the presenceof filamentous type carbon related with the major peak observed around 650 °C[17, 18]. In addition to the thermogravimetric analysis, the surface of thereacted catalysts was analysed by scanning electron microscopy, and theresulting images are shown in Figure 5.2-5.
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Figure 5.2-5. SEM images of reacted Ni/SiO2 catalysts
From Figure 5.2-5, some filamentous type carbons were identified over thesurface of reacted Ni/SiO2-A and Ni/SiO2-C catalysts; which is in accordancewith the results from the thermogravimetric analysis. The analysis of the carbondeposition is a relevant parameter, as it is closely related to the catalystdeactivation, primarily due to masking of catalyst active sites. A commonpractice to assess the lifecycle of a catalyst includes the re-use of the catalyst;however this analysis has not been carried out in this work. However in generalit might be expected that a decrease in the catalytic activity due to the amountand type of carbon deposits found on the catalyst surface is likely to occur.
5.2.5 Summary
The present Section 5.2, studied the effects of varying the nickel to citric acidratios (Ni:CA) from 1:1, 1:2, and 1:3, over the catalysts characteristics. Inaddition the catalytic activity of the Ni/SiO2 catalysts was tested in relation tohydrogen production and tar reduction, during the pyrolysis-gasification of RDF.Furthermore the catalytic activity was compared with a blank experiment,carried out using a bed of sand.
Regarding hydrogen production from the analysis of the produced gas, it wasfound that the major catalytic activity was given by the Ni/SiO2-A catalyst;however very similar H2 concentrations were attained when using the catalystsprepared at lower Ni:CA ratios of 1:1 and 1:2. Thus no positive effect of varyingthis property over the H2 production was attained. The concentrations of CH4and C2-C4 were reduced in the produced gas as the Ni:CA ratio was increased.
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Similar tar concentrations of about 0.2mgtar/gRDF were attained using theNi/SiO2-A and Ni/SiO2-C catalysts, whereas a higher tar concentration of about1.7mgtar/gRDF was found for the experiment carried out using the sand bed. Themajor identified tar compounds include phenol, cresols, naphthalene, fluorene,and phenanthrene; and the highest tar cracking activity for these compoundswas observed when using the Ni/SiO2-C catalyst (Ni:CA, 1:3).
It was found that filamentous carbons were formed over the catalysts surface,with very low influence of changing the Ni:CA ratio over the type of carbonsdeposited.
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5.3 Ni/SiO2 catalysts prepared by homogeneous precipitation
(HPG) and homogeneous precipitation with phase
separation (B-HPG) methodsAs shown in sections 5.1 and 5.2, the preparation method, the type and theamounts of raw materials used during the synthesis of nickel-based catalysts,has an effect on both catalysts properties and catalytic activity. The preparationmethods reported in the literature such as impregnation, sol-gel, co-precipitation, etc., highlight the benefits and improvements of using a specificsynthesis route. For example, it has been reported that the use of conventionalimpregnation or ion exchange during the preparation of Ni/SiO2 catalysts canresult in low surface area and poor nickel dispersion, and even more influencethe catalyst deactivation. In addition the use of high nickel loadings can promoteaggregation of nickel particles during calcination and reduction of the catalyst[1].
From sections 5.1 and 5.2, it was noted that Ni/SiO2 catalysts prepared by sol-gel methods showed a better performance when compared with catalystsprepared by impregnation method, a similar performance has been reported inthe literature when these type of catalysts have been tested during the CO2reforming of methane [2]. One of the main restrictions when preparing Ni/SiO2catalysts through the sol-gel method, has been to achieve a good dispersion ofthe metal particles, particularly when using nickel loadings higher than 15wt.%[3]. One of the alternatives proposed to promote a higher metal dispersion andto increase the surface area at the same time, has been to work in an acidicmedium during the catalyst preparation; using tetraethyl orthosilicate (TEOS)as SiO2 precursor and dispersed metal-hydroxide (or oxide) as metal precursor[3]. Moreover, the reaction between TEOS and nickel nitrate might result in anincrease in the sintering resistance and a reduction in the catalysts deactivation[4, 5]. A sol-gel method known as homogeneous precipitation (HPG), has beenused to promote the metal dispersion inside the porous silica matrix, thus theresulting catalyst possesses high thermal stability, and high sintering resistanceas the Ni metal particles are entrapped within a silica network. Figure 5.3-1,
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shows the silica oxide formation route towards the final Ni/SiO2 catalyst,through the HPG preparation method [6-8].
Figure 5.3-1. Homogeneous precipitation method (HPG), for Ni/SiO2 catalystpreparation
From Figure 5.3-1, the sequential steps include; the urea decomposition thatallows the dissolution of silica species also increasing the pH of the medium; thedissolution of silica species and further precipitation of silicates; to finallyachieve the deposition of nickel over the silica surface and its interaction withthe silica lattice. In order to further improve the properties of the final Ni/SiO2catalyst through the HPG method, Takahashi et al [9], suggested the addition ofa phase separation step after the homogeneous precipitation, in order to allowthe formation of a bimodal pores structure with macropores and mesopores.The formation pathway and the influence of the interaction between the phaseseparation and gelation process over the final pore structure, are shown inFigure 5.3-2.
Figure 5.3-2. Phase separation followed by aging of the gel to promote widerpore distribution in the catalyst
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In Figure 5.3-2, are shown the effects on the catalysts properties whenincreasing or reducing the velocity at which phase separation and gelation stepstake place. The onset of phase separation and gelation processes, are majorfactors influencing the final structure of the catalysts. Thus for example if thegelation is much faster than the phase separation, a dense gelatinousmesoporous bulk morphology will be originated. Whereas if the phaseseparation takes place much faster than the gelation, a final particle aggregatemorphology will be formed. Finally when both steps take place at similarvelocities, a final bi-continuous catalyst can be obtained [10].
Considering the influence of the homogeneous precipitation (HPG), and theaddition of the phase separation methods over the Ni/SiO2 catalysts properties,in this section of the work a series of six different catalysts were synthesizedthrough both routes. The final catalysts were characterised through differentanalytical techniques to identify their properties, in addition the six catalystswere tested in the two-stage pyrolysis-gasification reaction system (Chapter 3,Section 3.3), for their ability for hydrogen production during the thermaldecomposition of RDF.
5.3.1 Characteristics of Ni/SiO2 catalysts prepared by HPG and B-HPG
methods
The preparation details of the Ni/SiO2 catalysts used within this section can befound in Chapter 3, Section 3.2.2.4. The nickel loading was maintained constantat 10wt.% for all the catalysts, whereas three different calcination temperatures500 °C, 700 °C and 900 °C were used during the preparation. The methodologyfollowed for the preparation of the HPG catalysts was based on that reported byTomiyama et al [6]. Whereas the methodology for the combined phaseseparation and HPG method was based on that reported by Takahashi et al [9].The homogeneous precipitated catalysts were assigned as HPG500, HPG700 andHPG900, and those catalysts prepared through combined phase separation andHPG method were identified as to B-HPG500, B-HPG700 and B-HPG900.
- 192 -
The BET surface area and porous characteristics from the HPG and B-HPGcatalysts are shown in the following Table 5.3-1.
Table 5.3-1. Surface area and porous properties of HPG and B-HPG catalysts
1 MultiPoint Brunauer, Emmett &Teller (BET) Method2 Dubinin-Radushkevich (DR) Method3 Barrett, Joyner & Halenda (BJH) Method4 Density Functional Theory (DFT)
From Table 5.3-1, it was noted a reduction in the surface area of the HPG seriesof catalysts, as the calcination temperature was increased. This trend might berelated to the formation of interphase silica-like compounds during thecalcination step [11]. Tomiyama et al [6], reported a decrease in the surface areaas the calcination temperature was increased when working with Ni/SiO2catalysts prepared by the HPG method, which is in good agreement with thedata reported in Table 5.3-1. On the other hand, surface area values from theseries of B-HPG catalysts seemed to be increased with the increase of thecalcination temperature from 500 to 700 °C. However when the calcinationtemperature was further increased up to 900 °C the surface area value wasreduced. A similar effect in relation to the surface area was observed byTakahashi et al [9], when increasing the calcination temperature from 500 °C upto 700 °C during the preparation of Ni/SiO2 catalysts by a similar method usinga 20 wt.% Ni loading.
The nitrogen adsorption-desorption isotherms from the fresh Ni/SiO2 catalysts,are shown in Figure 5.3-3.
Catalyst Ni content(wt%) Surfacearea1(m2 g-1) Microporevolume2(cm3 g-1) Mesoporousvolume2(cm3 g-1) Porediameter3(nm) AverageMesoporeSize (nm)4HPG500 10 363.7 0.18 0.86 9.76 7.45HPG700 10 347.3 0.18 0.91 12.50 8.92HPG900 10 313.8 0.16 0.84 9.75 7.45B-HPG500 10 387.3 0.22 0.80 12.58 8.92B-HPG700 10 446.1 0.25 0.92 9.46 7.45B-HPG900 10 318.2 0.16 0.82 12.63 11.17
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Figure 5.3-3. N2 adsorption-desorption isotherms of fresh HPG (a), andB-HPG (b) Ni/SiO2 catalysts
From Figure 5.3-3(a), it was noted that there was a similar trend for theisotherms of the Ni/SiO2 catalysts prepared by conventional homogeneousprecipitation method (HPG). All the isotherms belong from the uncommonIUPAC type V, normally related with porous adsorbents with weak adsorbent–adsorbate interactions [12]. From Figure 5.3-3(a), a sharp inflection wasobserved within the P/P0 range from 0.70-0.90, normally associated withcapillary condensation and evaporation processes in materials with uniformpores. This inflection is also related to the hysteresis H1 type, present inisotherms from porous materials consisting of agglomerates or compacts ofuniform sphere arrays, also presenting a narrow distribution of pore size. Thistype of hysteresis has been detected in mesoporous silica with a regular array ofcylindrical pores and predetermined diameters for example in commercialcatalysts such as MCM-41 [13] and SBA-15 [14].
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The pore size distribution was also obtained as it is useful to characterizematerials according to their porous structure from the adsorption isotherms[15]. The pore distribution was calculated using the regularization methodaccording to the Density Functional Theory (DFT), based on a molecular modelof nitrogen adsorption in porous solids [16], described in Chapter 3, Section3.4.2.4. The results from the DFT are shown in Figure 5.3-4.
Figure 5.3-4. DFT pore size distribution for HPG (a) and B-HPG (b) Ni/SiO2catalysts
From Figure 5.3-4(a), it was noted a narrow pore size distribution for the HPGfresh catalysts, with an average pore size around 7.5nm for the HPG500 andHPG900 catalysts. The pore distribution curve for the HPG700 catalyst showeda shift, resulting in an increase of up to 9nm in the average pore diameter. FromTable 5.3-1 higher mesoporous volume and pore diameter values were reportedfor the HGP700 catalyst, when compared with the HPG500 catalyst. Howeverthe further increase in the calcination temperature might have promoted ashrinkage of larger pores [6], as both mesoporous volume and pore diametervalues were reduced when 900 °C was used as the calcination temperature.
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The isotherms obtained for the B-HPG Ni/SiO2 catalysts Figure 5.3-3(b), alsobelonged to the type V. Nevertheless in the isotherms from the B-HPG catalystsit was noted a hysteresis loop of the type H3, ending up very close to thesaturation or equilibrium pressure (Figure 5.3-3(b)). Hysteresis of the H3 typeare normally observed in solids with wide pore size distribution (Figure5.3-4(b)), and are characteristic of adsorbents with slit-shaped pores. FromFigure 5.3-4(b), it was observed that the catalysts had a polydisperse pore sizedistribution, attributed to the velocity at which the phase separation andgelation process took place followed by aging in a basic solution. This proceduremight have resulted in the formation of a bi-continuous structure with largerpores within the silica skeleton. Macropores are known to be formed throughspinodal decomposition process, whereas the mesopore formation was relatedwith the thermal decomposition and changes in the pH in the wet silica gel [9].
XRD analyses were also carried out on the fresh Ni/SiO2 catalysts in order toidentify the different crystallites structures present in each catalyst. Nickelcrystallite size was determined according to Scherrer’s method from thebroadening of the line [17]. In addition the samples were subjected to IRspectroscopy analysis in order to obtain information about the composition ofthe catalysts. The results obtained from both analyses are shown in Figure 5.3-5.
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Figure 5.3-5. Analysis of Ni/ SiO2 samples: (a) XRD analysis; and (b) IR spectra
From XRD analysis (Figure 5.3-5(a)), it was observed that all the samplesexhibited similar XRD patterns, with a broad peak at around 22°, generallyrelated with amorphous silica, and associated with a low degree ofcrystallization of the silica support [18]. The diffraction peaks around 36°, 43°and 62°, were related to the presence of the Ni oxide crystals assigned toNiO(101), NiO(012), and NiO(110), respectively [19]. It was expected that theseNiO characteristic peaks became more defined as the calcination temperaturewas increased for the HPG catalysts [6, 20], however from Figure 5.3-5(a), nosignificant changes were observed. The three characteristic NiO peaks for theHPG samples were found to be smaller and broader, when compared with thosefrom the B-HPG catalysts; this might indicate that the particle size of NiO wassmaller for the HPG samples [9]. The crystallite size was determined usingScherrer’s equation from the full width at half maximum of the diffraction peak,and for the HPG samples, crystallite sizes from 2-4nm were obtained, whereasfor the B-HPG catalysts the size ranged between 3nm and 5nm.
Figure 5.3-5(b), shows that the IR spectra showed a similar trend for all theanalysed catalysts. Two main adsorption bands were identified which have beenpreviously attributed to asymmetrical (1060cm-1) and symmetrical (790cm-1)
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stretching motions of the silica skeleton of the type Si-O. The absorption bandidentified around 1060cm-1 was related with the presence of Si-O bonds. Thesilica support characteristic band is normally identified at 1100cm-1, and theshift to 1060cm-1 might be attributed to changes an increase in the temperatureduring the synthesis and also to the presence of phyllosilicate species such asnepouite (Si2Ni3O5(OH)4) [11, 21].
Further details of the fresh Ni/SiO2 catalysts surface were investigated by SEMand TEM analyses. The resulting micrographs of selected samples are shown inFigure 5.3-6.
Figure 5.3-6. Analysis of fresh Ni/SiO2 catalysts; SEM images: (a) HPG700; (b) B-HPG700; TEM images: (c) HPG700; (d) B-HPG700
Figure 5.3-6(a), and Figure 5.3-6(b), correspond to the micrographs of theHPG700 and B-HPG700 catalysts respectively. For both images it was observedthe presence of a silica lattice with pores of different shapes and sizes. FurtherTEM analysis (Figure 5.3-6(c, d)) revealed larger differences, for example thepresence and distribution of dark spheres corresponding to nickel particlesthroughout the silica matrix. Similar morphologies have been previously
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reported for Ni/SiO2 systems analysed by TEM [3, 6, 11, 22]. The HPG700catalyst presented clear dark spheres distributed through the silica matrix,whereas the B-HPG700 catalyst showed the silica lattice together with somenickel oxide crystals. Similar structures with flake shapes have been reportedfor nickel oxide compounds [3]. The effect of the calcination temperature on thecatalysts morphology is shown in Figure 5.3-7.
Figure 5.3-7. SEM images of fresh HPG700 (a), HPG900 (b), B-HPG700 (c), andB-HPG900 (d) catalysts
Similar morphologies were observed for the HPG700 (Figure 5.3-7(a)) and B-HPG900 (Figure 5.3-7(d)), whereas similar structures with pores of differentshapes and sizes were observed for the HPG900 (Figure 5.3-7(b)) and B-HPG700 (Figure 5.3-7(c)) catalysts. The addition of nickel nitrate and urea inthe TEOS-PEO system during the preparation of B-HPG catalysts was expectedto increase the formation of bigger pores. This was observed in the Figure 5.3-4for the pore size distribution and was also observed in the micrograph in Figure5.3-7(d).
- 199 -
5.3.2 Analysis of catalytic activity of Ni/SiO2 catalysts prepared by HPG
and B-HPG methods
The catalytic activity was assessed during the pyrolysis-gasification of RDFusing the two-stage pyrolysis-catalytic reactor described in Chapter 3. Theproduct gases were analysed by gas chromatography and the concentration ofpermanent gases and light hydrocarbons was calculated. The products yields,gas composition, hydrogen production, RDF conversion, and mass balance areshown in Table 5.3-2.
Table 5.3-2. Gas composition, mass balance and gas yield from the pyrolysis-gasification products
The hydrogen production reported in Table 5.3-2, was calculated from themmol of hydrogen contained in the final gas mixture divided by the initialsample (RDF) weight. From Table 5.3-2, it was noted that the highest catalystsactivity towards hydrogen production was attained using the HPG700 catalysts,producing about 60vol.% of H2 or 22 mmol of H2 per gram of RDF. The higherhydrogen yield might be due to further promotion of carbon-steam reactions,resulting in lower carbon deposition over the reacted catalyst, and morehydrogen released together with carbon monoxide. Li et al [23], reported aconcentration of about 54vol.% of hydrogen in the syngas from the gasificationof municipal solid waste (MSW), using a tri-metallic catalyst (Ni-La-Fe/Al2O3) ina fixed bed reaction system. When using the HPG700 catalyst, the lowest CH4and C2-C4 gas concentrations were achieved, this corresponds to less than3vol.% and 0.6vol.% respectively. In addition, a low CO concentration wasproduced which might indicate a greater promotion of steam reforming
Catalyst Gas composition(Vol.%, N2 free) H2production(mmol H2 g-1RDF) Gas yield(wt.%) Char/RDF(wt.%) MassBalance(wt.%)CO H2 CO2 CH4 C2-C4HPG500 22.4 55.3 17.2 3.8 1.3 18.5 53.2 29.4 96.2HPG700 23.5 59.3 13.9 2.8 0.6 21.5 52.6 29.4 92.9HPG900 23.3 52.0 17.3 5.3 2.1 14.4 46.2 28.9 90.8B-HPG500 25.8 49.7 17.5 5.4 1.6 16.8 58.2 30.0 94.9B-HPG700 28.0 53.4 14.7 3.1 0.7 19.4 58.6 29.2 95.7B-HPG900 24.6 42.3 16.8 11.0 5.3 9.7 42.4 28.8 92.5
- 200 -
reactions and a reduced promotion of the water-gas shift reaction, whencompared with the other two HPG catalysts.
From Table 5.3-2, for the series of B-HPG catalysts the highest activity inrelation to hydrogen production was found when the B-HPG700 catalyst wasused, attaining a hydrogen production of 19 mmol H2 g-1RDF, and a gas yieldaround 59wt.%. Also the lowest CH4 and C2-C4 concentrations were achievedwhen compared with the other two B-HPG catalysts. Table 5.3-2, shows areduction in the CO and an increase in the CO2 concentrations when using the B-HPG900 catalyst, which might indicate a promotion of the water-gas shiftreaction. In addition when the B-HPG900 catalyst was used, the highestconcentrations of CH4 and C2-C4 were produced.
In the following Figure 5.3-8, are shown the variations in the gas compositionwhen using each catalyst.
Figure 5.3-8. Variation in the gas composition for HPG and B-HPG catalysts.
From Figure 5.3-8 it was observed that for both series of catalysts, the lowestCH4 and C2-C4 concentrations were achieved when using the catalysts calcinedat 700 °C, whereas the lowest activity was attained using the catalysts calcinedat 900 °C. This trend might indicate a lower promotion of hydrocarbons and tar
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cracking reactions when using this type of catalyst calcined at temperatureshigher than 700 °C, but also influenced by the catalysts properties. For examplethe surface area has been reported as a parameter that influences the catalyticactivity as it is related with the accessibility of active sites in the catalyst [24].From Table 5.3-1, it was observed that for both HPG and B-HPG catalysts, thesurface area was reduced as the calcination temperature was increased from700 °C to 900 °C. In addition, the HPG900 catalyst also exhibited the lowestsurface area among the three HPG catalysts.
From the results obtained (Table 5.3-2) it was observed that for the B-HPGcatalysts, the activity towards hydrogen production (Figure 5.3-8) followed thesame order as the surface area (Table 5.3-1); the highest surface area of 440 m2g-1 resulted in the highest hydrogen production of 19 mmol H2 g-1RDF. In additionfrom the XRD analysis (Figure 5.3-5(a)) broader peaks for the NiO crystals wereobserved for the HPG700 catalyst which indicates a smaller crystal particle sizewhen compared with those peaks for the B-HPG700 catalyst. The larger poresize and smaller crystal size, may have resulted in a better metal dispersion forthe HPG700 catalyst, this was also verified by the TEM images of the freshcatalysts (Figure 5.3-6(c)). All the properties of the HPG700 catalysts might alsohave influenced the higher hydrogen yield attained when used this catalyst. Thehigher hydrogen production reported for the catalyst calcined at lowertemperature (700 °C), when compared with the catalyst calcined at 900 °C, wasalso supported by results from temperature programmed reduction (TPR)analysis, shown in Figure 5.3-9.
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Figure 5.3-9. Temperature programme reduction (TPR) of fresh catalysts
From Figure 5.3-9, it was observed that the catalysts calcined at 900 °C showeda higher reduction temperature, which is normally associated with higherinteractions between nickel and the silica support.
5.3.3 Analysis of reacted catalysts
The reacted catalysts were analysed in order to identify the carbon depositionover the catalysts surface, which normally is related with catalyst deactivation.The coke formation has been described as a complex phenomenon, for exampleWauters et al [25], used a model based on elementary reactions to explain thecoke formation mechanism. The five different reversible reactions reportedinclude; hydrogen abstraction by gas phase radicals; substitution by radicals atthe coke surface; addition of a radical surface species to a gas phase; addition ofa gas phase radical to an olefinic bond; and cyclization of a radical surfacespecies and decyclization. A proposed route showing the coke formation andfurther growth of the coke layer, through these radical elementary reactions isshown in Figure 5.3-10 [25].
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Figure 5.3-10. Elementary reactions taking place allowing growth of coke layer
The reacted catalysts were subjected to thermogravimetric analysis, also SEM-EDX and TEM analyses were undertaken. The thermogravimetric curves wereobtained and their respective differential DTG-TPO thermograms are shown inFigure 5.3-11. The resulting SEM and TEM images of reacted catalysts areshown in Figure 5.3-12. Further SEM-EDX analysis was also carried out forselected fresh and reacted B-HPG700 catalyst; the results are shown in Figure5.3-13.
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Figure 5.3-11. DTG-TPO thermograms from reacted Ni/SiO2 catalysts: B-HPG (a),and HPG (b).
From Figure 5.3-11(a) the initial weight decrease at around 100 °C for thethermogram of the B-HPG900 reacted catalyst, was related to watervaporization followed by nickel oxidation peaks at around 400 °C and 500 °C [1,19]. From Figure 5.3-11(a), it was also noted that the nickel oxidation peak wasslightly shifted to lower temperatures for the B-HPG500 and B-HPG700catalysts. This might be due to the increase in the calcination temperature from700 °C to 900 °C which promoted a major metal oxidation. The double peakobserved between 500-600 °C for the reacted B-HPG700 catalyst (Figure5.3-11(a)), suggested the presence of two different types of carbon depositedover the catalyst surface. As mentioned in previous sections of this work, it hasbeen reported that the oxidation of amorphous carbon starts at around 500 °C,where the first peak appears, whereas the oxidation of filamentous carbon
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starts at around 600 °C, where the second peak was observed [26, 27]. From theSEM image of the B-HPG catalysts (Figure 5.3-12(c)), two different types ofcarbons might have been deposited over the reacted catalyst surface.
Figure 5.3-12. Morphologies of reacted Ni/SiO2 catalysts; SEM: (a)HPG700;(b)HPG900; (c)B-HPG900. TEM: (d)HPG700; (e, f)B-HPG700
The amount of carbon deposited was calculated from the weight loss of thereacted catalyst after 400 °C and then this value was divided by the final weightof the catalyst after the TGA-TPO analysis [1]. It was found that for the series ofB-HPG catalysts about 0.12, 0.13, and 0.11mgCarbon g-1RDF were deposited overthe reacted catalysts, prepared at calcination temperatures of 500 °C, 700 °Cand 900 °C respectively. The similar amount of carbon deposited over thecatalysts surface, suggests a low influence of the carbon over the catalystsactivity, for this type of B-HPG catalysts.
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Figure 5.3-13. SEM-EDX from fresh and reacted B-HPG700 Ni/SiO2 catalyst
From Figure 5.3-12(e, f), and Figure 5.3-13, some filamentous carbons wereobserved over the surface of the reacted B-HPG700 catalyst; the presence ofcarbon was verified through the SEM-EDX analysis (Figure 5.3-13). Additionallythe presence of metal agglomerates was observed through TEM analysis for thereacted HPG700 (Figure 5.3-12(d)) and B-HPG700 (Figure 5.3-12(e, f))catalysts; with a major presence of such agglomerates for the latter catalyst.
For the series of HPG reacted catalysts, different trends were observed from thedifferential thermogravimetric curves (Figure 5.3-11(b)). The oxidation peakswere observed at different temperatures, for example for the HPG900 catalystthe peak observed at around 700 °C might be more related with the presence offilamentous carbons, as the oxidation of this type of carbons starts around600 °C [26, 27]. From the SEM images (Figure 5.3-12(b)), the presence of somefilamentous carbons was observed over the surface of reacted HPG900 catalyst.HPG500 and HPG700 DTG-TPO thermograms (Figure 5.3-11(b)), showed thepresence of oxidation peaks around 650 °C which might suggest the depositionof filamentous carbons over both catalysts. A comparison between the SEMimages of reacted HPG700 (Figure 5.3-12(a)) and HPG900 (Figure 5.3-12(b))catalysts, suggested the presence of different carbon types over the surface of
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each reacted catalyst, which is in accordance with the results from the DTG-TPOthermograms.
5.3.4 Summary of HPG and B-HPG catalysts
In this section of the work two different Ni/SiO2 catalysts were prepared bymeans of two different methods namely homogeneous precipitation (HPG), andHPG plus a separation phase step (B-HPG). The effects of varying the calcinationtemperature from 500, 700 and 900 °C were also studied in relation to thecatalysts properties. The catalytic activity of the resulting catalysts was testedduring the pyrolysis-gasification of refuse derived fuel (RDF). It was found thatthrough the HPG preparation method, homogeneous nickel dispersion can beachieved for the resulting Ni/SiO2 catalyst. The addition of the separation phaseduring the catalysts preparation resulted in the formation of larger pores and anincrease in the surface area for the final Ni/SiO2 catalyst. The addition of theseparation phase involved longer preparation time, with no improvement in thecatalytic activity towards hydrogen production.
The calcination temperature influenced both the catalysts properties andcatalyst performance for both series of Ni/SiO2 catalysts (HPG and B-HPG). Forexample the increase in the calcination temperature from 700 °C to 900 °Cresulted in a reduction in both the surface area and hydrogen production. Fromthe series of catalysts tested within this section, the catalytic activity in relationto hydrogen production followed the order: HPG700 > HPG500 > B-HPG700 >HPG900 > B-HPG500 > B-HPG900.
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CHAPTER 6. COMPARISON BETWEEN
NICKEL AND IRON BASED CATALYSTS
6.1 Fe/SiO2 and Ni/SiO2 catalystsIn previous Chapters of this work, nickel based catalysts have been synthesized,characterized and tested for their catalytic activity mainly for hydrogenproduction during the pyrolysis-gasification of refuse derived fuel (RDF). Iron-based catalysts have also been widely assessed during catalytic steam reformingprocesses as they are non-toxic and resistant to high temperatures [1, 2].Ermakova et al [2], also reported that high carbon yields are attained whenusing iron catalysts, furthermore the carbon was found to contain thin wallnano-tubes which are of particular interest among carbon nano-fibres. Someauthors have reported the incorporation of active iron species over differentsupports including silica [3], zeolites [4], and mesostructured materials (MCM-41, HMS-9 and SBA-15). For example Sivasangar et al [5], reported betterperformance towards hydrogen production during the methane reformingprocess of Ni/Al2O3 catalyst when Fe2O3 was used as dopant. According to theliterature the use of iron-based catalysts promote an increase in the surfacearea, which allows the metal to interact with the support and also reduces thetendency to sintering [6].
In this Chapter 6, a series of five iron-silica catalysts were prepared using anano-porous silica material and varying the metal loading, the resultingcatalysts were characterised using diverse analytical techniques. Theperformance in relation to hydrogen production for the iron-silica catalysts wastested during the pyrolysis-gasification of RDF. The results are compared with aseries of five nickel based catalysts synthesized under similar conditions. Thecharacteristics and catalytic activity for hydrogen production for the series ofnickel-silica catalysts were also assessed.
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6.2 Characterization of fresh Fe/SiO2 and Ni/SiO2 catalystsFe/SiO2 and Ni/SiO2 catalysts were prepared by conventional impregnationmethod. Nano-porous silica was used as the oxide support and nickel and ironas metal precursors, according to the methodology described in Chapter 3,Section 3.2.2.5. The metal loadings were varied as 2.5wt.%, 5 wt.%, 7 wt.%, 10wt.%, and 20 wt.%, for both series of catalysts. The resulting catalysts wereassigned as follows: 2.5Ni/SiO2, 5Ni/SiO2, 7.5 Ni/SiO2, 10 Ni/SiO2, 15 Ni/SiO2,2.5Fe/SiO2, 5Fe/SiO2, 7.5Fe/SiO2, 10Fe/SiO2, 15Fe/SiO2; where Ni and Fecorrespond to the precursor used and the number to the oxide precursorloading. The surface area and porous properties of the prepared Fe/SiO2 andNi/SiO2 catalysts, was obtained using the Brunauer, Emmet & Teller (BET)method, micropore and mesopore volumes were calculated using the Dubinin-Radushkevich (DR), and total pore volume and pore diameter were calculatedby the Barret, Joyner & Halenda (BJH) method. The results are shown in Table6.2-1.
Table 6.2-1. Surface area and porous properties of Ni/SiO2 and Fe/SiO2 catalysts
The N2 adsorption-desorption curves from the Fe/SiO2 and Ni/SiO2 catalystswere also obtained, and the results are shown in Figure 6.2-1.
2.5Ni/SiO2 2.5 282.7 0.140 0.267 0.620 1.6705.0Ni/SiO2 5.0 280.0 0.140 0.252 0.593 1.6937.5Ni/SiO2 7.5 250.6 0.140 0.341 1.448 1.67410Ni/SiO2 10.0 295.5 0.150 0.317 1.154 1.67115Ni/SiO2 15.0 270.0 0.150 0.295 1.159 1.6722.5Fe/SiO2 2.5 208.5 0.120 0.195 0.705 1.6875.0Fe/SiO2 5.0 313.7 0.160 0.321 0.998 1.6917.5Fe/SiO2 7.5 310.8 0.160 0.322 1.344 1.68910Fe/SiO2 10.0 262.1 0.150 0.337 2.011 1.92815Fe/SiO2 15.0 236.6 0.140 0.359 1.882 1.913




Figure 6.2-1. N2 adsorption-desorption isotherms of fresh Fe/SiO2 and Ni/SiO2 catalysts
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From Table 6.2-1, it was observed that for the series of Ni/SiO2 catalysts thesurface area was reduced as the nickel loading was increased from 2.5wt.% upto 10wt.%. However, when the nickel loading was further increased up to15wt.% the surface area was reduced. Higher values of the surface area wereobserved for the series of Fe/SiO2 catalysts, when compared with thosereported for the Ni/SiO2 catalysts. As a comparison, a surface area of about 290m2 g-1 has been reported in the literature for mesoporous silica materialobtained via a sol-gel catalyst preparation method [7], which might indicate nomajor influence in the surface area of the catalysts by using the nano-silicamaterial as support. Also a reduction in the surface area when the metal loadingwas higher than 7.5wt.% was noted for this series of iron-based catalysts.Similar trends in relation to a reduction in the surface area at higher metalloadings have been observed for Ni/SiO2 catalysts prepared by both sol-gel andimpregnation methods, in Chapter 5, Section 5.1. All the resulting adsorption-desorption isotherms shown in Figure 6.2-1 indicate the same type III, whichmight indicate a high influence of the silica material used and weak interactionsbetween the adsorbent and adsorbate, also the pronounced condensation stepsmight be related with the small pores of the silica support of less than 2nm(Table 6.2-1).
The pore size distribution of Ni/SiO2 and Fe/SiO2 catalysts was obtainedaccording to the Density Functional Theory (DFT) described in Chapter 3,Section 3.4.2.4. The results for both series of catalysts with metal loadings of2.5wt.%, 5.0wt.%, and 7.5wt.%, are shown in Figure 6.2-2.
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Figure 6.2-2. Pore size distribution of selected Ni/SiO2 and Fe/SiO2 catalysts
From Figure 6.2-2, it was noted that for pore diameters lower than 5nm theintensity if the signals was higher, which might be attributed to the use of thenano-porous silica, afterwards a wider distribution was observed for bothseries of catalysts. For the Ni/SiO2 catalysts, a clear influence of increasing thenickel loading over the pore size distribution was observed, as major intensitieswere observed around 20nm for the 7.5wt.%Ni/SiO2 catalysts, whereas 2.5wt.%and 5wt.%Ni/SiO2 catalysts showed more similar pore size distributions. On theother hand Fe/SiO2 catalysts presented more similar pore distributions, whichmight indicate stronger interactions between the metal and the silica support.In addition the pore distribution for the metal loading of 7.5wt.% for both Feand Ni catalysts, was quite similar, which might suggest higher metal loadingspromote a larger pore distribution and stronger interactions between the metaland the support for both series of catalysts. However additional analysis forhigher metal loadings will be needed in order to verify these trends.
Similar trends in the pore size distribution for Ni/SiO2 catalysts have beenreported in the literature for catalysts prepared by conventional impregnation
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method [8], resulting in problems related with the nickel dispersion relatedwith the aggregation of Ni in the large mesopores.
In order to identify the different crystallite phases formed for both series ofcatalysts, XRD analyses were carried out, according to the description given inChapter 3, Section 3.4.2.5. The resulting XRD spectra showing the differentdiffraction patterns for iron and nickel-based catalysts are shown in Figure6.2-3.
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Figure 6.2-3. XRD patterns of (a) Ni/SiO2 catalysts, and (b) Fe/SiO2 catalysts
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Figure 6.2-3(a) shows the XRD spectra for Ni/SiO2 catalysts. The broad initialpeak around 21° has been attributed to the presence of silica. The three sharppeaks at 37.5°, 43°, and 63° have been previously identified in XRD analysisfrom Ni/SiO2 catalysts prepared by homogeneous precipitation method [9], andhave been attributed to nickel oxide crystals of the types NiO(101), NiO(012),and NiO(110), respectively. Tomiyama et al [9], reported that the threecharacteristic nickel oxide crystal peaks become more intense and sharper asthe calcination temperature was increased. However for this series of Ni/SiO2catalysts, it seems that this effect is related with the increase in the nickelloading rather than with the calcination temperature. Also this effect in thenickel oxide peaks might be influenced by the crystallite size, as for the2.5Ni/SiO2 catalyst a crystallite size of 9nm was calculated, and this value wasnoted to gradually increase up to 27nm for the 15Ni/SiO2 catalyst.
For the series of Fe/SiO2 catalysts, the XRD patterns shown in Figure 6.2-3(b),also show an influence as the metal loading was increased. From Figure 6.2-3(b),the broad and main peak at around 21° has been also attributed to the silica. Asthe iron loading was increased, the Fe/SiO2 catalysts exhibited diffraction peaksaround 33°, 36°, 42°, 62.5°, and 64°, which are characteristic of crystalline
haematite particles (α-Fe2O3) [7, 10]. For the catalysts prepared using very lowiron loadings (2.5wt%, and 5.0wt.%), the absence of these characteristic peaksmight be associated with the small particle size of crystalline iron oxide, alsorelated to the low iron loading used during the catalysts preparation [7]. Somemorphological changes might occur to the fresh Fe/SiO2 catalysts once they are
exposed to activation and reduction. For example the haematite (α-Fe2O3) canbe converted to magnetite (Fe3O4) and then to iron carbide (FexC) afteractivation [11]. The interactions between the iron oxide and carbide result in abreak-up of the iron oxide into iron carbide nanoparticles. These sequentialsteps proposed by Shroff et al [12], are shown in Figure 6.2-4.
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Figure 6.2-4. Fe/SiO2 morphological changes occurring to crystalline haematite
particles (α-Fe2O3) during activation and reaction conditions
Finally electron microscopic images were obtained for both series of catalysts,in order to identify and compare the characteristic nickel oxide and iron oxidecrystalline structures for Ni/SiO2 and Fe/SiO2 catalysts respectively. Suchcomparison is shown in Figure 6.2-5.
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Figure 6.2-5. TEM and SEM images of fresh Ni/SiO2 and Fe/SiO2 catalysts
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From the TEM images of both 2.5Fe/SiO2 and 5Fe/SiO2 catalysts, a gooddispersion of the metal particles is indicated, that might correspond to singlecrystals of the hematite type (Figure 6.2-3). TEM images from the 2.5Ni/SiO2catalyst show the distribution of nickel particles over the silica lattices. It wasalso observed the similarity of the silica lattice for both types of catalysts forexample for the 2.5Fe/SiO2 and 2.5Ni/SiO2 catalysts. The TEM image of the5.0Ni/SiO2 catalyst, showed specific shapes for the nickel metal, it has beenreported in the literature that the particle size of the metal is stronglydependent on the synthesis method and on the type of silica support [7].
From the SEM images a similar morphology for both 7.5Ni/SiO2 and 7.5Fe/SiO2catalysts can be observed. The SEM image obtained from the analysis of the15Ni/SiO2 catalyst shows some black points on the top of the silica lattice, thesespheres might correspond to minute nickel particles that might have beenidentified due to the high nickel loading for this specific catalyst.
6.3 Hydrogen production using Fe/SiO2 and Ni/SiO2 in the
pyrolysis-gasification processThe prepared catalysts were tested for their activity towards hydrogenproduction during the pyrolysis-gasification of RDF. The experimental detailsused are as described in the Chapter 3, Section 3.3. The gas composition wascalculated on a nitrogen free basis, the hydrogen yield was expressed asmolH2/kgRDF, and also gas and solid yields, as well as the mass balance werecalculated. The obtained results are shown in Table 6.3-1.
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Table 6.3-1. Gas composition, gas and solid yields and mass balance from the experiments carried out using Ni/SiO2 and Fe/SiO2catalystsCatalyst 2.5Ni/SiO2 5.0Ni/SiO2 7.5Ni/SiO2 10Ni/SiO2 15Ni/SiO2 2.5Fe/SiO2 7.5Fe/SiO2 10Fe/SiO2 15Fe/SiO2
CO 22.74 22.69 24.51 27.10 26.84 28.96 23.57 25.63 25.27H2 29.35 34.18 43.71 41.24 43.93 37.47 31.90 32.49 31.15CO2 35.57 30.34 15.35 16.03 21.67 20.55 23.39 18.35 18.62CH4 6.47 8.97 10.82 10.15 2.46 5.12 11.48 15.00 15.81CnHm 5.87 3.81 5.61 5.47 5.10 7.90 9.65 8.52 9.16H2 yield(molH2/kgRDF) 8.49 10.04 15.06 11.16 12.41 7.86 7.11 6.54 6.57Gas yield (wt.%) 73.30 55.00 61.57 50.65 47.93 44.00 50.52 41.80 44.50Solid yield (wt.%) 28.90 28.90 32.51 29.35 29.21 29.60 29.20 29.10 29.70Mass Balance (wt.%) 98.20 90.10 103.59 94.78 94.11 92.00 95.80 99.50 99.30
Gas composition (vol.%)
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Table 6.3-1, shows that higher hydrogen yields were attained when usingNi/SiO2 catalysts, whereas lower yields were achieved using the series ofFe/SiO2 catalysts. For all the experiments carried out, the gas compositioncalculated in a nitrogen free basis, showed a higher concentration of hydrogenwhen compared with other gases such as CO and CO2. This is explained ingeneral by the promotion of water gas and steam reforming reactions, due tothe presence of catalysts and high process temperatures. For the series ofNi/SiO2 catalysts, the highest catalytic activity of 15 molH2/kgRDF, was attainedusing the 7.5Ni/SiO2 catalyst. This might suggest that using higher nickelloadings has an adverse effect over the catalysts properties, and also a negativeeffect towards the catalytic activity. When comparing the catalysts propertiesanalysed in the previous Section 6.2, it was observed that the lowest surfacearea of about 250 m2g-1 was reported for the 7.5Ni/SiO2 catalyst, also thefurther increase in the nickel loading from 10wt.% up to 15wt.% resulted in areduction from 295 to 270 m2 g-1, respectively. The reduction in the surface areafor the 7.5Ni/SiO2 catalyst can be related to the broad pore size distribution(Figure 6.2-2) and greater total pore volume (Table 6.2-1). Therefore despitethe lower surface area, the high total pore volume might have promoted a betterdispersion of the nickel for this catalyst, thus improving its catalytic activity. Inaddition it was expected that the higher hydrogen concentration also resulted inlower methane (CH4) and light hydrocarbons (CnHm) concentrations. Howeverfrom the results shown in Table 6.3-1, it was observed that the lowest methaneconcentration was attained using the 15Ni/SiO2 catalyst, whereas the lowestCnHm concentration was achieved when using the 5Ni/SiO2 catalyst. The lowCnHm and H2 concentrations attained using the 5Ni/SiO2 catalyst, might indicatea promotion of reforming of low hydrocarbons but no further promotion ofmethane or carbon monoxide reforming (water gas-shift reaction), whichresulted in no more formation of hydrogen, but consumed CnHm reactant.
For the series of Fe/SiO2 catalysts higher activity towards hydrogen productionwould be expected, as for example higher surface areas were obtained duringthe catalysts characterisation (Table 6.2-1). However H2 yields lower than8molH2/kgRDF, were attained, which indicates lower activity for hydrogen
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production than that attained using the Ni/SiO2 catalysts. The highest catalyticactivity toward hydrogen yield, for the series of Fe/SiO2 catalysts, was attainedusing 7.5wt.% Fe loading, which was the same metal loading that reported thebest performance for hydrogen yield in the Ni/SiO2 catalysts series.Unfortunately experiments using the 5Fe/SiO2 catalyst were not carried out,therefore this metal loading could not be analysed for this series of catalysts.However it was also observed that an increase in the iron loading higher than7.5wt.%, also resulted in a reduction in the hydrogen yield, and in an increase inthe methane concentration, which might indicate no further promotion of steamreforming reactions when metal loadings higher than 7.5wt.% are used for thepreparation of this specific catalyst.
From Table 6.3-1, it was also noted that higher gas yields were attained whenusing the Ni/SiO2 catalysts. In general a conversion of about 70wt.% of theinitial RDF was attained for all the experiments as the solid fraction remainedwas maintained somewhat constant about 30wt.% for all the experimentsreported in Table 6.3-1.
In general it was expected that a higher catalytic activity would be found whenusing iron instead of nickel as metal combined with silica, as strongerinteractions between iron oxides and silica have been reported in the literature,and also iron possesses high specific saturation magnetization and lowcoercivity that improves when mixed with silica [2, 13]. From the results shownin Table 6.3-1, higher hydrogen yields were attained when using Ni/SiO2catalysts. One of the possible reasons associated with the lower efficiency of Fe-based catalysts, is that this type of catalysts require much higher activationtemperatures than those required for Ni-based catalysts [14]. Therefore furtherwork testing the influence of an increase in the gasification stage might besuggested for comparison.
6.4 Analysis of reacted Fe/SiO2 and Ni/SiO2 catalystsSEM analysis was carried out on the 7.5Ni/SiO2 catalyst, the resultingmicroscopic images are shown in Figure 6.4-1.
- 224 -
Figure 6.4-1. SEM images of reacted 7.5Ni/SiO2 catalyst
The SEM images shown in Figure 6.4-1, revealed the possible deposition offilamentous carbons over the surface of the reacted catalyst. The carbondeposition in catalysts can be attributed to chemical reactions taking place inthe catalysts surface and in its pores; these reactions include some of thefollowing [15];
ܥܪସ↔ ܥ+ 2ܪଶ Equation 6.4-1
2ܥܱ ↔ ܥܱଶ + ܥ Equation 6.4-2
ܪଶ +ܥܱ ↔ ܥ+ ܪଶܱ Equation 6.4-3
Also the circular spheres as agglomerates, observed in Figure 6.4-1, mightcorrespond to nickel particles partly covered by filamentous carbon type.However, further characterisation of the reacted catalysts such as transmissionelectron microscopy (TEM), thermogravimetric analysis (TPO), and XRD isrequired to get a better understanding of the carbon deposition mechanismover reacted Ni/SiO2 and Fe/SiO2 catalysts.
In addition, lifetime tests for the best-performing catalyst, can give betterinformation about the catalyst resistance. For example Wang et al [16], reported
a longer lifetime for Ni-Fe-SiO2 catalysts when compared with simple Ni-SiO2
catalysts under similar process conditions during the methane decomposition process.
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6.5 SummaryIn this section it was expected that both the characteristics and the catalyticactivity of the Fe/SiO2 catalysts were better than those from the Ni/SiO2catalysts, as stronger interaction between the iron oxides and silica have beenreported in the literature [2], and also due to the reported antioxidant capacityof iron nanoparticles [13]. However a higher activity in terms of hydrogen andgas yields, was demonstrated when using Ni/SiO2 catalysts, even when usinglow metal loadings such as 2.5wt.% for hydrogen production during thepyrolysis-gasification of RDF.
However further characterisation of reacted catalysts, further tests at highergasification temperatures, and lifetime tests are required in order to achieve acomplete understanding of the performance of these catalysts.
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CHAPTER 7. GASIFICATION AND
COMBUSTION OF RDF: PILOT SCALE
FLUIDISED BED
7.1 IntroductionThis Chapter’s aim is to briefly describe a series of experiments carried out in abubbling fluidised bed gasification system, at the Energy Research Centre of theNetherlands (ECN) premises, located in Petten, the Netherlands. Theseexperiments were undertaken thanks to the Biofuels Research Infrastructurefor Sharing Knowledge (BRISK) programme, which is funded by the EuropeanCommission Seventh Framework Programme.
Seven different experiments were conducted in a multipurpose thermalconverter also referred to as ‘WOB’. This atmospheric bubbling fluidised bedgasifier has been widely used to carry out combustion, gasification andpyrolysis experiments using different feedstocks. Moreover it has a greaterprocess capacity than the two-stage reaction system described and used inprevious Chapters of this research work.
A selected tar/oil sample was collected using a solid phase adsorption (SPA)method, and was later analysed by gas chromatography coupled to massspectrometry (GC/MS) at the ECN analytical laboratories. Selected ash samplesfrom the cyclone equipment were collected and further characterised atUniversity of Leeds laboratories using the SEM-EDX analytical technique.
7.2 Fluidised bed systemA description of a generalised fluidised bed gasification system can be found inChapter 2 of this work. The bubbles of gas in fluidised bed gasifiers areoriginated at the base of the bed, carrying upwards some solid particles either
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in groups or individually. The interaction between particles and bubbles isshown in Figure 7.2-1 [1].
Figure 7.2-1. Interaction between bubbles of gas and particles in a fluidised bedgasifier
The WOB fluidised bed reaction system was electrically heated; seven differentthermocouples were located along the reactor, allowing the measurement oftemperatures during all the experiments. The feedstock capacity of the WOBgasifier was about 1kg/h, and the fuel feeding rate was fixed through a controlsystem via computer. The fuel was moved by gravity into a screw to reach thebottom of the gasifier. Five main gas supply lines were used to introduce thecarrier gases directly to the bottom of the reactor. The flow rate of the watersteam supply line was manually set up before each experiment, and was alsoturned on or turned off manually. The temperature of the line (150 °C) allowedwater steam to be introduced together with the other carrier gases used (air,nitrogen, oxygen, etc.). The mixture of solids inside the gasifier and the uniformtemperature distribution were reached thanks to the continuous motion of thesolid particles (bed material and RDF) originated by the fluidising gas, rising inthe form of bubbles, through the overlying material [2]. Once the gases reachedthe main outlet of the gasifier, they were carried towards a small cyclone aimedto remove most of the unburned particles from the gas flow (commonly ash).Afterwards, the gases were passed through a high temperature gas filter(450 °C), where the last traces of dust and particulates were removed from theoutput gas [3, 4]. After the gas filter, a gas sample was taken using the solidphase adsorption method (SPA). The gas was further cooled down using acondenser equipped with a filter thimble which allows a further cleaning of the
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gas by removing tars and moisture. A second backup cooler (5 °C) was placedbefore the gases reached the micro GC on-line gas analysis system. A simplifiedflow diagram of the WOB system is shown in Figure 7.2-2. In addition theappearance of the software used to manipulate variables such as flow rates andtemperatures is shown in Figure 7.2-3.
Figure 7.2-2. Flow diagram of the WOB fluidised bed gasification system
Figure 7.2-3. Appearance of the control system for the WOB gasifier
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7.2.1 WOB reaction system considerations
The WOB gasification system has been widely tested using different types ofsolid waste including RDF, wood, straw and manure; and has been found thatthe solid waste is not fully converted when working at low pyrolysis orgasification temperatures (550-850 °C). Therefore some of the char thatremained unconverted inside the reaction system was mixed up with the bedmaterial (olivine), thus promoting some cracking reactions, which can influencethe final gas composition. Furthermore when running more than oneexperiment per day, some char remained inside the reactor which might alsoinfluence the subsequent experiments.
7.3 Physical properties of the fuel and bed materialThe fuel used for the gasification/combustion experiments in the WOB systemwas refuse derived fuel (RDF), the general properties of this raw material aregiven in Section 7.3.1. The selected bed material was olivine due to itsavailability and cheap cost compared with other types of catalysts.
7.3.1 Refuse derived fuel (RDF) characteristics
The same RDF used in the two-stage gasification system at the University ofLeeds, was used as feedstock in the WOB reactor. However the pellets were pre-treated by staff at the ECN, according to the WOB gasifier requirements. Theoriginal RDF pellets had 4cm of length and about 1.5cm of diameter, and wereground to obtain smaller pellets with size about 4x3mm, as shown in Figure7.3-1.
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Figure 7.3-1. RDF pellets to be fed into the WOB reactor: (a) 4x1.5cm; (b)4x3mm
The resulting RDF pellets were dried in air at 100 °C for a period of 24 hours,and the final pellets were found to contain 2.56wt.% of moisture.
7.3.2 Olivine as bed material
Olivine has been commonly used in fluidised bed gasifiers with positive resultsfor tar reduction where cracking and reforming reactions take place, specificallyfor high molecular weight organic components [3, 5, 6]. Olivine is a commonnaturally occurring mineral, consisting mainly of a silicate material, withmagnesium (e.g. Mg2SiO4), and iron cations (e.g. Fe2SiO4) fixed to a tetrahedralsilica structure. Its silica content (SiO2) is about 42wt.% compared to silica sandwith normally 98wt.% SiO2. Tar reduction during gasification might bepromoted due to the presence of active iron in the surface of the olivine,influencing CO-shift and methane reforming reactions. Olivine sand has a highmechanical strength even when exposed to elevated gasification temperatures,and there are no fouling or fines problems downstream when using olivine asbed material [6-8]. The olivine used for the experiments in the WOB system wasa brownish material with some porosity, normally pre-treated between 1260-1600 °C during 2-4 hours, in order to improve its performance.
7.4 Sampling and analysis of gaseous and solid samplesSamples of the gaseous and solid products formed as a result of the RDFgasification were collected and examined using specific analytical techniques.The gaseous products were continuously monitored using an on-line gaschromatograph. Additional gas sample bags were collected to be analysed off-
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line also through gas chromatography. Solid ash samples were collected afterthe cyclone; selected samples were analysed using scanning electronmicroscopy (SEM) with energy dispersive X-ray analysis (EDX).
7.4.1 Gas chromatography for on-line and off-line analyses
The micro GC on-line analyser allowed recording of the concentration of severalgases using 4 different channels. Table 7.4-1 shows details about the columntype of the micro GC and the gases analysed by each Channel.
Table 7.4-1. Column types and gases measured
The micro-GC analyser was calibrated in a similar way as the calibration for theGC Varian analysers described in Section 3.4.1.3 of this work. The two gassample bags taken during stable conditions were analysed off-line using a GCShimadzu 14B equipped with a FPD sulphur selective detector to measurethiophenes and mercaptans, helium was used as carrier gas. The calibration ofthis device was carried out using a gas mixture containing H2S, COS,methylmercaptane, dimethylsulfide, and thiophene. Images of the appearance ofthe on-line gas analyser and micro GC are shown in Figure 7.4-1.
Figure 7.4-1. (a) Mobile GC online and micro GC; (b) GC four channel micro GC inflight case
Channel Column Properties Gases AnalysedChannel 1 CP7401148 Molsieve 10m, withback flush H2, O2/Ar, N2, CH4, and COChannel 2 CP740152 PPU (Paraplot) 10m, withback flush CO2, C2H4, C2H6, and C2H2Channel 3 H 2S and carbonyl sulphide (COS)Channel 4 CP914457 CP-Wax-52CB 10m benzene and toluene
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7.4.1.1 Solid phase adsorption (SPA) tar sampling method
Once both the reaction system and the concentration of the gases reached stableconditions, a sample of the tar contained in the produced gas was extractedaccording to the Solid-Phase Adsorption (SPA) method previously described inSection 2.4.3 of this work. An injection needle was inserted into the samplingport, the other end of the syringe was connected to syringe pump equipped witha 100ml gastight syringe with 50 ml/min as flow rate, and also a manometerwas used to measure the pressure drop. Once the pump reached 100ml ofsample gas, the flow was stopped and both the column and the needle wereremoved as soon as the pressure dropped to zero. The syringe was sealed with arubber cap, and the sample was stored for further GC/MS analysis.
7.4.2 Definition of operational variables and control system
The RDF was initially subjected to gasification, and then the system wasswitched into combustion conditions, aimed to burn most of the remaining char.The initial gasification conditions are shown in Table 7.4-2.
Table 7.4-2. Initial RDF gasification conditions
The gasification temperature was gradually increased until it reached theselected temperature, afterwards the RDF started to be fed. Parameters such astemperature and pressure were monitored at all times through the controlsystem (Figure 7.2-3). During these stable conditions (pressure andtemperature), gas bag and tar samples (SPA) were taken in duplicate. As somechars from the RDF gasification might have remained inside the gasifier itself; itwas necessary to promote the combustion of the remaining char fraction. Themain combustion parameter is the excess air ratio that relates the locally
Parameter Selected value/unitsRDF feed rate 450g/h, 500g/hAir/N2 flow rate 0.0 L/minAr Flow rate 0.40 L/min (5.5vol.%)Oxygen Flow rate 2.00 L/minN2 Flow rate 0.0 L/minSteam Flow rate 750g/h; 825 g/hGasification temperature 700 °C, 800 °C, 900 °C
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available air and the stoichiometric amount of air to achieve completecombustion [9]. The experimental conditions used to promote char combustionare shown in Table 7.4-3.
Table 7.4-3. Operational conditions for RDF-char combustion
The combustion was noted on the online gas composition screen by changes inthe CO2 and O2 concentrations. Once the combustion ended, the temperaturewas turned off and the flow rates were gradually reduced. The generalparameters selected for each experiment are shown in Table 7.4-4.
Table 7.4-4. Selected conditions for each experiment
As shown in Table 7.4-4 the gasification temperature, steam flow rate and RDFfeeding rate were the parameters varied between the experiments. Thedifferences between the values of the RDF flow rate shown in Table 7.4-2 andthose reported in Table 7.4-4, were attributed to variations in the feed rate andto the heterogeneous composition of RDF, initial values were set up through thecontrol system at the beginning of the experiment, and final feed rates werecalculated considering experimental values recorded during the experiments.
Parameter Value and unitsRDF feed rate 0.0 g/hAir/N2 flow rate 7.0 L/minAr flow rate 0.40 L/min (5.5vol.%)O2 flow rate 2.01 L/minN2 flow rate 3.0 L/minSteam flow rate 0.0 g/hGasification temperature Maintained stable
Experiment GasificationTemperature (°C) Steam flowrate (g/h) Total Steamsupplied (g) RDF flowrate (g/h) Time feedingRDF (h) Total RDFsupplied (g) Steam/RDFRatio1 800 750 1502 443 2.0 886.40 1.692 900 750 1503 443 2.0 886.77 1.693 700 750 2250 474 3.0 1420.67 1.584 800 700 1402 474 2.0 948.56 1.485 800 825 836 509 1.0 516.10 1.626 700 825 1652 567 2.0 1135.01 1.467 900 825 1651 567 2.0 1134.23 1.46
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7.4.3 Gasification and combustion processes
Initially during the gasification process, all the moisture contained in the RDFsample was removed, then volatiles were released through pyrolysis anddevolatilization reactions, then volatile species reacted in the oxygen-steamatmosphere to produce the final syngas. The main reaction occurring inside thegasification system can be described in terms of the RDF decomposition asfollows:
ܴܦܨ+ ℎ݁ܽ ݐ௦௧௘௔௠ ାைమሱ⎯⎯⎯⎯⎯⎯ሮ ܪଶ +ܥܱ + ܥܱଶ + ܥܪସ + ܥ௡ܪ௠ + ܽݐ ݎ Equation 7.4-1
7.5 Results from the analysis of gaseous and solid fractionsGaseous and solid products were released as a result of the gasification andfurther combustion of RDF in the WOB system. The gaseous fraction wasanalysed to identify the different compounds and their respective concentration.In addition tar was analysed for polyaromatic and oxygenated tar compoundsfrom a selected sample. The solid fractions produced were the char that wasfurther combusted, the reacted olivine and ash were collected in the hot-gasfilter. However the solid fraction that was further characterised was the ashcollected in the filter after the cyclone (Figure 7.2-2). The general conditions aswell as the results obtained for solid and gaseous fractions are shown in Table7.5-1.
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Table 7.5-1. Gas composition for experiments carried out in the WOB system
Units EXPERIMENT 1 EXPERIMENT 2 EXPERIMENT 3 EXPERIMENT 4 EXPERIMENT 5 EXPERIMENT 6 EXPERIMENT 7
Gasification temperature [°C] 800.00 900.00 700.00 800.00 800.00 700.00 900.00Steam Flow rate [g/h] 750.00 750.00 750.00 700.00 825.00 825.00 825.00Time feeding RDF [hh:mm:ss] 02:10:00 02:13:00 03:00:00 02:11:00 01:49:00 02:09:00 02:04:00
RDF flow rate [g/h] 442.59 442.59 473.56 473.56 509.17 566.80 566.80RDF moisture [wt%] 2.56 2.56 2.56 2.56 2.56 2.56 2.56Ash content [wt%,dry] 15.00 15.00 15.00 15.00 15.00 15.00 15.00
Steam/RDF [-] 1.69 1.69 1.58 1.48 1.62 1.46 1.46
%C [wt%,dry] 44.30 44.30 44.30 44.30 44.30 44.30 44.30%H [wt%,dry] 5.90 5.90 5.90 5.90 5.90 5.90 5.90%N [wt%,dry] 1.10 1.10 1.10 1.10 1.10 1.10 1.10%O [wt%,dry] 48.80 48.80 48.80 48.80 48.80 48.80 48.80%S [wt%,dry] 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Amount olivine [g] 1150.00 1150.00 1150.00 1150.00 1150.00 1150.00 1150.00Particle size olivine [mm] ~0.27 ~0.27 ~0.27 ~0.27 ~0.27 ~0.27 ~0.27
H2 [vol%] 14.62 25.44 11.56 16.83 15.72 22.46 29.21Ar/O2 [vol%] 5.43 3.84 4.84 4.12 4.16 5.74 3.37N2 [vol%] 13.95 11.18 14.33 12.56 13.32 15.85 9.19CH4 [vol%] 7.44 7.61 6.67 8.36 7.86 10.81 8.08CO [vol%] 15.78 17.28 16.33 17.54 16.80 18.99 18.02CO2 [vol%] 31.83 28.78 32.89 29.77 30.66 14.52 25.90C2H2 [vol%] 0.17 0.22 0.10 0.19 0.17 0.24 0.22C2H4 [vol%] 5.09 2.26 4.36 5.55 5.42 6.74 2.77C2H6 [vol%] 0.23 0.04 0.62 0.30 0.25 0.75 0.08Benzene [ppmV] 6090.25 6824.04 4452.92 6419.21 5832.75 6676.96 7207.30Toluene [ppmV] 899.61 129.72 1421.14 968.62 684.00 1675.98 178.68H2S [ppmV] 421.43 425.30 437.13 389.62 271.29 522.81 199.41COS [ppmV] 52.91 58.89 50.08 70.06 64.61 62.17 93.80
Control Total [vol%] 102.01 104.09 98.07 103.07 101.23 105.03 104.52
Cyclone ash [g] 3.50 19.10 170.00 122.00 108.70 158.00 167.60
*Tar Contribution is not included (SPA)
4. Ultimate Analysis Fuel
2. Feed
5. Bed Material






The composition of the product gas was mainly obtained from the micro GC on-line analyser (4 Channels) which was connected directly into the main gasoutput line (Figure 7.2-2). The results from the off-line gas analyses were usefulto compare the concentrations of some compounds given by the on-line gaschromatograph.
The concentrations shown in Table 7.5-1, correspond to average valuescalculated from the concentrations given from the on-line GC analyser, andrecorded during stable conditions. From Table 7.5-1 it is observed that for thegasification temperature 800 °C (Experiments 1, 4 and 5), the gas compositionwas quite similar despite changes in the steam/RDF ratios (1.69, 1.48 and 1.62for experiments 1, 4 and 5 respectively). The large decrease in the CO2concentration (Experiment 6), was attributed to a failure in the O2 supplyresulting in negative oxygen values from the GC-online analyser. Therefore thecorresponding results might not be comparable with the results from the otherexperiments carried out. From Table 7.5-1, it was observed that the reduction inthe steam/RDF slightly increased the H2 and CO concentrations in the producedsyngas, whereas the concentrations of C2H2, C2H4, and C2H6 remained somewhatconstant. This might be due to the promotion of water-gas-shift reactions,whereas reactions such as tar cracking were not further promoted by modifyingthis parameter. It was also observed that increasing the gasificationtemperature from 800 °C up to 900 °C resulted in the increase of H2 and COconcentrations. In addition C2H2 concentration remained quite similar, whereasreductions in the concentrations of C2H4 and C2H6 were noticed. This mightindicate a further activity of the olivine at higher temperatures. The variation inthe gas composition according to the temperatures in the gasifier (700 °C,800 °C, and 900 °C), is shown in Figure 7.5-1.
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Figure 7.5-1. Gas composition of the produced syngas at different temperatures
From Figure 7.5-1, it is observed that the H2, CO, and CH4 concentrations tend toincrease as the gasification temperature is increased, whereas the concentrationof CO2 is reduced and the concentration of C2H2 is maintained relativelyconstant, which is in agreement with previous results reported in the literature[10, 11]. From Table 7.5-1, it is also observed that for the same gasificationtemperature of 900 °C, reducing the steam/RDF ratio from 1.69 (Experiment 2)to 1.46 (Experiment 7) resulted in an increase in the H2 concentration from25vol.% up to 29vol.% (Figure 7.5-1). ; however a different trend was observedby changing the steam/fuel ratio at 800 °C, as shown in Figure 7.5-2.
Figure 7.5-2. Effect of steam/fuel ratio on the gas composition at 800 °C
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From Figure 7.5-2, the trends observed for all the gas compounds are inagreement with those previously reported in the literature [12]. However forthe concentration of H2 it was expected that the increase in the steam/fuel ratioresulted in an increase in the hydrogen concentration as has been previouslyreported by Seo et al [12], when working on the gasification of coal and biomass.This can be correlated with the lower ash yield collected after the experiment,attributed to a blockage in the system.
7.5.2 Tar analysis
From Table 7.5-1 it was observed that at 900 °C gasification temperature(Experiments 2 and 7), the concentrations of C2H4, and C2H6 were reduced byincreasing the steam/RDF ratio from 0.88 (Experiment 7) up to 1.13(Experiment 2). The variations in the concentrations of C2 compounds (C2H2,C2H6), toluene (C7H8), hydrogen sulphide (H2S), and carbonyl sulphide (COS),with the gasification temperature, are shown in Figure 7.5-3.
Figure 7.5-3. Variation of some compounds with the gasification temperature
The tar sample from the Experiment 4 (800 °C, steam/RDF=1.48), was analysed.The GC-MS results were reported as mg/m3 dry gas, as shown in Figure 7.5-4.
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Figure 7.5-4. Identified compounds: SPA tar sample from Experiment 4
From Figure 7.5-4, Sample 1 and Sample 2 refers to the original SPA sample anda duplicate respectively. Naphthalene was not included in the compoundsreported in Figure 7.5-4, as the concentrations obtained for this compoundwere 2888mg/m3 and 2377mg/m3 for Samples 1 and 2 respectively. Also theconcentrations of benzene, toluene, ethyl benzene, and m/p-xylenes werecalculated, however volatile compounds are known to present problems whencollected using specific SPA sampling material, thus a large deviation in theconcentrations of these compounds was noted when carrying out the GC-MSanalysis, and the results are not reported here.
7.5.3 Ash characterisation using SEM-EDX
Selected samples of the ash collected from the cyclone after each experimentwere analysed by scanning electron microscopy with energy dispersive X-rayanalysis (SEM-EDX). The composition of the ash was expected to be mainlycarbonaceous, however it was considered that some of the olivine used for thefluidised bed might be entrained together with the ash and particulates
- 242 -
contained in the produced gas. Some of the olivine particles might be very fine(~0.27mm particle size) and are transferred through to the main gas exit.
Selected ash samples from Experiments 1, 2, 5, and 6, were analysed at theUniversity of Leeds using scanning electron microscopy (SEM). The resultingelectron microscopy images are shown in Figure 7.5-5.
Figure 7.5-5. SEM images from selected ash samples collected from the cyclone
The SEM microphotographs (Figure 7.5-5) reveal that morphological changestook place in the ash surface since different structures are observed. FurtherSEM-EDX mapping analysis revealed the presence of Si, Mg and Fe, which waspartly attributed to some olivine entrained from the gasifier itself towards thegases output and then into the cyclone. SEM-EDX analysis gave quantitativeinformation in weight per cent of the elements present in the sample, theseresults are presented in Figure 7.5-6.
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Figure 7.5-6. Variation in ash compositions of selected experiments
From Figure 7.5-6 it is observed that the steam/RDF ratio highly influenced theash composition. The major identified compound was oxygen combined withother metals in the form of oxide-metal compounds, thus species such as SiO2,MgO, Mg2O3 Al2O3, etc., might be present in the ash samples.
7.6 Challenges of scaling up and additional results requiredOne of the challenges found while scaling up was to reach stable conditions.When RDF is subjected to thermal treatment, a series of parallel exothermic andendothermic reactions take place, resulting in a complex system. The previousexperience of staff at ECN was useful to establish the parameters to carry outthe gasification of RDF and subsequent combustion of the char formed.
During the operation of the WOB system there were many variables involved,and most of the parameters required to be monitored continuously, because anyradical change could entail not only a failure in the experiment, but permanentdamage to the equipment. Therefore monitoring the temperature and pressureat different points of the system was a fundamental guide to safe operation.
Additional analyses were required after the experiments. For example theanalysis of all the SPA tar samples collected might give an idea of the tar
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concentration for each experiment, and will be also useful to determine theinfluence of the temperature and steam/RDF ratios over tar concentration.Other parameters required might be the weight of the bed after eachexperiment, as some of the char might have remained even after combustion.Also additional XRD and elemental analysis might be also useful to understandthe different compounds present in the collected ash.
It was observed that the increase in the gasification temperature from 700 °C upto 900 °C, resulted in an increase in the hydrogen concentration from 11.56vol.% up to 25.44 vol.% in the produced gas. A similar trend was observed inthe H2 concentration in the syngas, when the gasification temperature wasincreased from 600 °C up to 800 °C in the small scale two-stage reaction system(Chapter 4, Section 4.1.2). Main tar compounds including naphthalene,acenaphthylene, phenanthrene, methylnaphthalenes, and biphenyl, wereidentified when analysing the tar sample from the RDF gasification in the WOBsystem. It is noteworthy that these compounds were also identified in tarsamples obtained using the two-stage reactor (Chapter 4, and Chapter 5). Thesesimilarities in gas and tar compositions might indicate that despite theheterogeneity of the RDF, using small scale or bigger systems for gasification ofthis fuel might have similar results regarding these parameters. However, moreexperiments are required to obtain a more sensitive and accurate comparisonamong both systems.
7.7 SummaryThe continuous fluidised bed system used for the gasification of RDF andfurther combustion of RDF char, allowed a good decomposition of the fuel intomainly into gaseous products. The highest H2/CO ratio of 1.62 was attained at900 °C, using a steam/RDF ratio of 1.46. In general it was found that increasingthe gasification temperature resulted in an increase in the concentration of H2,CO, and CH4 and a reduction in the concentration of CO2.
Some of the tar compounds reported from the SPA tar sample analysis such asphenanthrene, methylnaphthalenes, phenol, indene, cresols, naphthalene,
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styrene, and fluorene, have been also found in the tar composition of samplesfrom the pyrolysis/gasification of RDF in the two-stage reaction system used forthis research. Additional analysis of tar samples would be helpful to understandthe effects of varying the gasification temperature and steam/RDF ratio.
Major compounds found in ash samples were Mg, Si, Fe, C, Al, O, Ca, and Al; thehigh concentration of oxygen suggest that most of these compounds are presentas metal-oxides. Similar compounds have been reported in the literature whenanalysing ash samples from the gasification of RDF.
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CHAPTER 8. CONCLUSIONS AND
SUGGESTIONS FOR FUTURE WORKThis research work was divided into several sections. Diverse nickel-basedcatalysts were tested during the pyrolysis and subsequent gasification of refusederived fuel (RDF), in order to promote catalytic steam reforming reactionswithin the gasification stage. A two-stage pyrolysis-gasification reaction systemwas used to carry out most of the experiments described in this research work.
The improvement of the catalytic activity focused on hydrogen production andwas one of the main objectives during all the experiments carried out. Also thecatalyst performance was assessed through the reduction in the tar formation. Aseries of different nickel based catalysts were prepared through diversesynthesis methods, and varying the nickel loading and other parameters such ascalcination temperature, in order to improve certain characteristics of thecatalysts. The aim of investigating catalysts synthesis was to improve theiractivity, mainly towards hydrogen production and tar reduction.
8.1 General conclusionsThe following conclusions were addressed considering the order of theChapters and results presented in this research work.
8.1.1 Analysis of process conditions on gas and tar compositions
The effects of the gasification temperature were tested concerning the gas yield,and also regarding the gas and tar compositions. It was found that using nickelbased catalysts, specifically Ni/Al2O3 catalysts, some cracking reactions werepromoted in the presence of steam at a gasification temperature of 800°C. Alsoit was found that this temperature was suitable to promote the activation of thecatalyst, which helped to improve their catalytic activity resulting in an increasein the hydrogen content in the produced gas up to 45 vol.% when comparedwith a H2 concentration of 31 vol.% when using a bed of sand under similar
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operational conditions. Furthermore the promotion of cracking reactions usinga 10 wt.%Ni/Al2O3 catalyst, was verified by the reduction in the presence of 3and 4-ring aromatic compounds such as anthracene, fluoranthene, pyrene, andtriphenylene.
8.1.2 Characterisation and assessment of Ni/SiO2 catalysts prepared by
two methods and promoted with Mg, Ce and Al
A series of Ni/SiO2 catalysts were prepared varying the nickel loading,preparation method, and adding Ce, Al, and Mg as metal promoters in order toimprove certain characteristics such as surface area and sintering resistance.The resulting Ni/SiO2 catalysts were tested for their efficiency towardshydrogen production and tar reduction during the pyrolysis/gasification of RDF.Sol-gel was found as the most suitable preparation method, as the resultingNi/SiO2 catalysts were effective to promote an increase in the hydrogenconcentration, an increase in the gas yield and a reduction in the tar formation.Ni/SiO2 catalyst prepared by sol-gel with a nickel loading of 20wt.% reportedthe better surface area, mesoporous volume, and particle size when comparedwith Ni/SiO2 catalysts prepared by conventional impregnation method.Moreover the use of 20Ni/SiO2 sol-gel catalyst during the pyrolysis-gasificationprocess, resulted in the highest hydrogen concentration of about 58vol.%, and0.24mgtar/gRDF. Whereas the same nickel loading in the catalyst prepared byimpregnation method, resulted in 40.6vol.% and 0.60mgtar/gRDF, for H2 and tarconcentrations respectively. The addition of Ce, Mg, and Al as metal promotersdid not result in the expected improvements for either catalyst’s properties orperformance.
8.1.3 Effects of varying the Ni:CA ratio over catalysts properties and
performance towards hydrogen production and tar reduction
The variation in the ratio of nickel to citric acid (Ni:CA) was also assessed inregard to Ni/SiO2 characteristics and performance. Similar catalytic propertiessuch as surface area and pore diameter were reported for the Ni/SiO2 catalystsprepared using Ni:CA ratios of 1:2 and 1:3. Concerning the hydrogen and tar
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yields, it was found that using Ni:CA of 1:2 and 1:3 resulted in similar H2concentration of about 58 vol.%, whereas lower tar concentration of 0.15mgtar/gRDF was attained using a Ni:CA ratio of 1:1.
8.1.4 Ni/SiO2 catalysts prepared by homogeneous precipitation based
methods; effects over catalysts properties and catalytic activity
The effects of using two different homogeneous precipitation, sol-gel basedmethods, and three different calcination temperatures (500 °C, 700 °C and900 °C) over Ni/SiO2 catalytic properties and activity were also analysed. Usinga nickel loading of 10 wt.% for all the catalysts, it was found that the addition ofa separation phase after the homogeneous precipitation allowed the formationof a bi-continuous macroporous structure, through the interaction of the phaseseparation and gelation processes. The addition of this step resulted in highersurface areas for the final Ni/SiO2 catalysts; unfortunately there was noimprovement in the catalytic activity. For example up to 60vol.% in thehydrogen concentration was attained in the produced gas, when using theNi/SiO2 catalysts, prepared with 10wt.% nickel loading, calcined at 700 °C andprepared by conventional homogeneous precipitation method. It was also foundthat there was a strong influence of the calcination temperature over both thecatalysts properties and activity.
8.1.5 Comparison and assessment of Fe/SiO2 and Ni/SiO2 catalysts
prepared using a nano-porous silica support
The use of two different metals (iron and nickel) and metal loadings were usedduring the synthesis of catalysts, using a nano-porous silica material as support.The catalysts were compared regarding their catalytic properties; in additiontheir catalytic activity was assessed for hydrogen production. At low metalloadings (2.5 and 5.0wt.%), a very high influence from the silica support wasnoted for both iron and nickel based catalysts, as not many specific crystalphases were detected. Higher surface areas and pore diameters were reportedfor the series of Fe/SiO2 catalysts, however higher hydrogen yields of at least
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8molH2/kgRDF were obtained when using the Ni/SiO2 catalyst prepared using thelowest nickel loading of 2.5wt.%.
8.1.6 Performance of olivine as bed material in a pilot scale fluidised bed
gasifier, analysis of gas and tar composition
Olivine was used as catalyst within experiments carried in a fluidized bedgasifier for the thermal processing of RDF. A series of experiments were carriedout at the Energy Research Centre of the Netherlands (ECN) facilities, located inPetten, Netherlands. Some operational parameters including steam to RDFratios and gasification temperature were varied. It was found that theconcentrations of H2, CO and CH4 tend to increase as the gasificationtemperature was increased from 700 °C to 900 °C. The highest hydrogenconcentration of ~29vol.% was attained at 900 °C gasification temperature, anda steam/RDF ratio of 1.46. Major tar compounds identified in a selected tarsample included: naphthalene, acenaphthylene, phenanthrene,methylnaphthalenes, phenol, indene + o-cresol, o-xylene + styrene, fluorene,anthracene, 2-ethenylnaphthalene, pyrene, and fluoranthene. In addition theanalysis of the residual ash revealed the presence of compounds such as Mg, Na,Si, K, Ca, C and Fe.
8.1.7 General remarks
In general it was found that the increase in the surface area of the catalystsprepared and assessed within this work, does not necessarily involve animprovement in the catalytic activity over hydrogen production or tar reduction,however it is still an important parameter that is commonly associated with thecatalytic activity. Moreover other properties such as the pore size distribution,metal dispersion, and formation of specific crystal phases, can facilitate a betterunderstanding of the catalytic activity. The highest hydrogen concentrationattained was 60 vol.% using the Ni/SiO2 catalyst with 10 wt.% metal loading,calcined at 700 °C and prepared by homogeneous precipitation (HPG) method.The most relevant tar compounds found from the analyses of several tarsamples were naphthalene, fluorene and phenanthrene. In addition the lowest
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tar concentration of 0.15 mgtar/gRDF, was attained using the 20 Ni/SiO2 catalystprepared by sol-gel method, and calcined at 500°C.
8.2 Future workDuring the development of this research work, some of the original objectiveswere modified and also different aims were developed according to theexperimental results obtained. Therefore it is suggested to perform certainadditional tasks in order to attain some of these goals. A brief description of thefuture work suggested is given below.
8.2.1 Analysis of catalysts characteristics and activity
Ni/Al2O3 catalysts showed high catalytic selectivity to hydrogen production,attributed to the promotion of cracking and steam reforming reactions whencompared with experiments carried out using a sand bed. Future work relatedto Ni/Al2O3 preparation methods and varying conditions such as calcinationtemperature, and nickel loadings, is suggested. The characterisation of thesecatalysts using some of the analytical techniques described in this work is alsosuggested to be assessed.
Further investigation to prepare novel nano-porous catalysts can be carried outin order to enhance the hydrogen concentration in the product gas and also toreduce the final tar concentration. Testing different preparation conditions highmetal dispersion and surface areas greater than 900 m2 g-1, might be achievedfor nano-porous catalysts, which might result in the improvement of thecatalytic activity for this type of catalysts.
8.2.2 Lifecycle tests of catalysts
For the Ni/SiO2 catalyst prepared by homogeneous precipitation method, it issuggested to carry out lifecycle tests in order to identify the suitability for thiscatalyst to be used in continuous systems and also to obtain information aboutthe resistance for catalyst deactivation. Regeneration of catalysts can also bestudied when analysing the life cycle of the nickel-based catalysts.
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8.2.3 Modifications in process conditions
For the Fe/SiO2 catalysts, experiments increasing the gasification temperaturecan be carried out for comparison and to study the influence of the gasificationtemperature over the efficiency for the specific catalysts prepared using nano-silica material as support.
8.2.4 Efficiency of catalysts for tar reduction
Specific nickel-based catalysts can be assessed regarding their efficiencytowards the promotion of tar cracking reactions during the catalytic steamreforming process, using tar model compounds. Most abundant identified tarcompounds such as toluene, phenol, naphthalene, fluorene and phenanthrene,or specific mixtures can be studied under similar gasification conditions.
8.2.5 Applications of nickel-based catalysts for hydrogen production
using RDF as feedstock
The use of this technology at large scale is promising; however certainimprovements need to be approached. For example the effects of the RDFcomposition during the feeding in continuous systems such as the fluidized bedare required. In addition a sustainable and environmentally sustainable sourceof RDF needs to be identified, in order to ensure a continuous supply of this rawmaterial. Regarding the catalysts properties and supply it is also suggested toundertake an integrated analysis including the advantages and disadvantages ofthe proposed nickel-catalysts, against those from the currently commercialavailable nickel catalysts. Further investigation of the subsequent use of thesyngas is advised, especially for large scale facilities, where larger amounts ofsyngas will be generated.
